: 6789e3e| kdde4gp<hj 6(kT| ks31 AUG 2002 ' 10 BEAM SHAPI NG AND PROJECTI ON

I,I\/AGI NG WTH 15 SOLI D STATE UV GAUSSI AN BEAM TO FORM VI AS Techni cal 3F1 b 2002
The intention relates to a di ode-punped solid-state |aser and, in

particular) to enploying such a |aser to generate an ultravi oI et | aser beam
having a TEMP 20 non-astigmatic spatial node to drill vias. Background of

the Invention U.S. Pat. Nos. 5,593,606 and 5, 841, 099 of O/ven et al .

descri be techni ques and advant ages for enpl oying WV | aser

generare |acer output pulses winin agvantageous paramter<'to NN

layers in nultilayer devices. These paraneters generally include nof®ei ner
out put pul ses having tenporal pulse widths of shorter than 100 ns) spot
areas with spot dianeters of less than 100 Vim and average intensities or

i rradi ances of greater than 10(i nmWover the spot areas at r es
of greater than 200 Hz. Lasers are described herein only by Mﬂl’lmﬂmmmm@ﬂ
to ultraviolet (UV) diode 30 punped (DP) solid-state (SS) TE asers
generate a natural Gaussian irradiance profile 10 such as shown i 1§

but the description is germane to al nost any | aser r 3 1 AUG 2002 2
generating Gaussian output. Ablating particular materials with any | aser,
and particularly a UV DPSS | aser, is contingent upon delivering to a

wor kpi ece a fluence or energy density (typically nmeasured in units of

J/ cnR) ve the ablation threshold of the target material. The | aser spot
of a raw Gaussi an beam can be nmade quite 5 small (typically on the order of
10 to 15 umat the 1 /e2 diameter points) by focusing it with an objective
| ens. Consequently the fluence of the small focused spot easily exceeds the
abl ation threshold for conmon el ectroni c packaging materials particularly
the copper typically used in the netallic conductor |ayers. Hence, the LTV
DPSS | aser, when used in a raw) focused beam configuration, is an excellent

BEAM SHAPING AND PROJECTION IMAGING WITH
15 SOLID STATE UV GAUSSIAN BEAM TO FORM VIAS

Technical Field
The invention relates to a diode-pumped solid-state laser and, in particular, to
employing such a laser to generate an ultraviolet laser beam having a TEM,y
20 non-astigmatic spatial mode to drill vias.
Background of the Invention
U.S. Pat. Nos. 5,593,606 and 5,841,099 of Owen et al. describe techniques
and advantages for employing UV laser systems to generate laser output pulses within
advantageous parameters to form through-hole or blind vias through at least two
25 different types of layers in multilayer devices. These parameters generally include
nonexcimer output pulses having temporal pulse widths of shorter than 100 ns, spot
areas with spot diameters of less than 100 um, and average intensities or irradiances
of greater than 100 mW over the spot areas at repetition rates of greater than 200 Hz.
Lasers are described herein only oy way of example to ultraviolet (UV) diode-
30 pumped (DP) solid-state (SS) TEM,, lasers that generate a natural Gaussian irradiance

profile 10 such as shown in Fig. 1, but the description is germane to almost any laser



10 solution for drilling vias through one or nore copper layers in an .
el ectroni ¢ packagi ng workpi ece. Since the focused spot is typicquYAB%dﬂmgr
than the desired size of the via, the focused spot is noved in a spiral,
concentric circular, or "trepan" pattern to renove sufficient material to
obtain the desired via size. This approach_is commonly referred to as
spiraling or trepanning with the raw, focuded beam 15 Spiraling)
trepanni ng) and concentric circle processing nmay generically be referred to
as "nonpunchi ng” for convenience. An alternative approach that is also weh
known in the art involves passing the TEMP | aser beamw th the Gaussian

i rradi ance prgdnetaing TRV suphi. cnbparzingfpﬁmcura@_n%eﬁm i ang 1Rdepdgiger m ned
di aneter 12. e or nore conmmon refractive optic |lenses 20 are then used to
proj ect an i npageculirly A&JY DRSS lasgre s coptingant upom tidiveniagvio rrkwenkpiese e fluehee

size of the imaged circul ar spot depends on b the size of . the rtyre
and opti cal o‘geﬂ’ﬁbﬁ qn(%}f? ICSI&EH .cg\ﬂ“mPffgtJ?ﬁzS%?Y?/g’ei%’ioﬂéﬁ’!%glF@Hor

| enses. This {@E0pirAsahatkRAVITAS 1REP kS loF QRak Tuilisish BEard icHR bY mdiBYhRE.
obtains a desired via dianeter by adjusting either the aperture size or the
optical $le- meamlF {typitaltynomthemodér, of 2B toritSi kmtah thesi/’adiameteh poims) dydfosysing it

mat ches the desjred, via sjze. Because the |owintensity "w of the

Gaussi an i rr aWithAB ObJseRYs leas.o Consrquently the fluenes, 5§“’Laﬁef°‘\émf§gﬁ? ;B?‘é’aﬂ%es,

this i magi ng i I ) ! < i an i magi ng.
3 1 AUG 2002 é’&g@ér}ﬂ %rgll)l?ll%?nng %‘gfsd)&?tcﬂaﬁg eﬁ%ﬁ%’é& @ﬁg?é} ﬁg ﬁg?#gﬁsgér beam
si mply dwel | spaticiilindy Heaoppérerypieallp ussdinehe nietallit comductor ldyers)f Hesdee fiie

mat eri al has been renoved. This drill iggcmt hod, often called "punching, '
el i mi nat es t hEVRPHS lasery wheadised ima saw cfocused beam capliguration.os anieaceligger spot

that is_ pequired. when .t.repanni or spiraling with 5 the raw_faocused beam
Thus, viB°ar 1 forsti 1oF ehIERCYER Slo .0 0 ord dafberdubet 8 o %o s ol aced
upon the hig -a%ias'gﬂ RRAPIARS| $ihQNBE fodisEF ol ghi 3ty 3frfafled hién BRWSRE si
smal | - r adi usypcur e%l pgl%Bﬁways and at?erﬁdaﬁ)t hsi cac%lel ergti ons asssoci gltzgd
Wi th inside-tdfehy ivia, thet foomsed spotis esoved dw elspipaie condestrid cccuddrnpt émrepant h
projection imagi ng because there are fewer process paraneters to be

opti mi zed. 10PaMerIpiscremoxe sutfigienp material i eptaindhe destrgd vaa Sigrc T hiSAPRERACh A

nore repeat ab i jr3 batifhid &id ) t
roundness fr oérﬂ??aéélgﬁ rggﬁ?ggcg?é ﬁ%@%ﬁg%?égover%a{ithg%sﬁdap’eﬂog'?&? r]\%ﬁ}\f/]i a, rather
t he roung@nessSpifaling| gepannitgl andrcoedntvic difete priocessing mayy gerferitiity bpmeférmedteand

the quality of the optics used to project its inmage onto the work surface.
Roundness is ) 'feNB&Hgafor ConVERigReead by t hr oughput and the 15 degree to

which th i f I I j ) .
A e 41 oAbt YRS 3o APELRSH o SHIANI l u

maxi num di aneTEM,} MaBérdseainywitle RUGARsiah ifridanicefprofiletthugha)citcuRr aferture or
dm ~/d""x. The rounder spots are possible because only the central portion

of the Gaussimask ofr aprederexmined fiametesf12: HOng exsmpraROmMPE refsaqiive optc lensgsas s

t hrough,he aperture; .hence the.low irradiance 20 outer regiaqns,of the
Gauss! aR0beantE B RE RERFCRrCt aF it ot 8 THERESef codtieR ek R Bt ¢ o
clipped Gausstresipeaffihe Imaf@r@lar sbﬁladepgﬁcﬁs GIFROLR khel $izeTBf e ApeMiteavd

illumnated than its edges. This nonuniformty adversely affects the
qual ity of vieptical dexmagnification otitainedwith thearefiactiveaimaging lensiow leasds. rBusil t i ng

in vias having rqunded bottons and .uneven edges .and, ri ski ng danage to the
o T ma  ebiiih, dHauh oh DrQE e ARG Ar SHSDY IBPERE,PDADS SCe] s
cli pped Gaussk: i j e : ! of
Che" Cause: an (ilihetef 8 Afidind Biheh thq SRrERFHECG 38 obliBh dhiiicabtch BER O
profile26s higitll¥hesizeofthe iMagdindpoo Rayches tierlebirgiovit isize. Hechive thellonwt

intensity "wings" of the Gaussian irradiance profile are masked or clipped by the

aperture edges, this imaging technique is, therefore, also called clipped-Gaussian

imaging.



3 1 AUG 2002 4 .: beamcenter is allowed to pass through the apertgre A[t;[h@ﬂ[lZ
the irnradi ance profile imged onto the work surface will be nore néarly
uniform This uniformty cones at the expense of rejecting a |large fraction
of the energy at the aperture mask and hence not delivering the energy to
the work surface. Wasting such large portions of beam 5 energy i npedes
drilling speed. If) on the other hand) a | arje fraction of the beam energy
is permtted to pass through the aperture, then higher fluence is delivered
to the work. However, the difference between the irradiance at the spot

center) I~ and the spot edges I~, will be large. The fraction of energy
passi ng through the vgpg&l§ | ¥hals EP¥Wbt e 1A88r Blarh s dRvll 'at th
level, T. For a Gauss?an %il’l the 0 |OWF %rlr)aft?tenatl cal rgili@t i ons ¢

exi sts: T= 1-| ~Ad sifeafor amnnicepf pﬁlsﬂs&%tﬂ)’suﬂﬂaenbﬂmrernhhasgbecpasmsed h’rl‘bmgh t he

aperture) thenc*)thth |rr &i&%ﬁiﬁ g‘rl\r(ijthef uen t the eety%? tggféit
i mged spot w | h
Thi s d'ffere”CEianl‘atx‘f{G%in&tga?%é Iﬁs%%kl@tet‘ﬁattlg eﬁswﬂeﬁ &Ji:‘gftﬂ{ug'drs alﬁ’ri S

If high [aser power 1s used in or ri nore ra the nce at
t he spot cent erthe fam), foarsed beard Thue, ¥ib deitiog wimmlxpﬁedﬁeussmnmnanedﬁm the a
bottom begins to nelt and reflow. At the sane tine) if T is |arge (and

therefore the dlBendsplacadiunonthe highespeed beam posignes SiRGent glimiates ihe comgplex

The of ghni ¢ df SPERANSy Erk PRy Ay R i E GRS H 100 08 o7

versus apert ur gndidcatiei a4 miobions.! PRIRESS dereldpinent i dish 4tmplafl Ritht dpf@je@ﬁdm haking
processi ng paranmeters. As a result, many pul ses are regw red to clear the

di el ectric mat d:ecwe@mnemeafcwanpwpgsswu@mtm 6 bonptlmue dges of the via

bott om ang, t her eby ta| 5 the desired. di an& e via €ottom b
Appl yi ng these pul s gjan Mesa’é‘ﬁﬁbsé’ RTR “cf‘%ﬁt“ép rB‘anehén fore [epeptable, o
hi gh fluence 'rwtst&t:adse%@ﬁm%t:barm.bhssmtlaer%&ztr@ﬁhmep%m lasé} 16 14¥fng 002 S
The clipped Gaussi an technique, therefore, forces a trade-off between high
pul se ener gy t Hatgedigphéra thaghapk pf ttmtvwl.aamgemetrbendnesﬁ Brlaxgelyt deerminedby them
and | ower pul se_energy that is bel ogw the_copper reflow threshol d fluence

but drills sl owmryu Pfe@?ﬁ@?%“fﬁﬂ‘ﬁg/ the qualiy ¢ epe%ﬁs yspe te, PEPIGY dfs dmage onto
Typically, d %
ahgl gg OAzlof f grpqgn accepggcglegdggdﬁérsg?r#%% {)eé?ﬁv\l%gﬂrfwa@t&eclg (bh%"%‘ﬁh%{\F s@?

ener gy ani t he depréeso whidtethprwiagsef thé eavo Ganssidnahuddesis clippgtio NR outidnessiot y  of

the fluence within the imged spot. Smal]| vias can be drilled at acceptable
speed with | oweirculapifs mays Q)ﬂ“arf’é‘ﬁé‘lléf*?éaﬂog"f ’E@‘m“%@l%ﬁtera??dhf’ Rax &R

hi gher uniform agp! i i 00 %
< 972 60 v 10 mBs bRRAIVRRAEAER! me WHEREE vid £ RENM, D00, FRE rOiRer
suffers due to spoistaprpeitilebecdssedtly th dEntrsl presyf e Gaupsiag ireddiame prdfile
met hod for drilling vias is therefore desirable. Summa of the |nvention 15
An obj ect of t of the laserrheamnis @armigtad iaspass Hpglbihe pPerdurs; Bencgdhe loveimastiance

and/ or sy emth dor fflClenc of VI drillin ith a
Gaussi an %T ée%ﬂ? €}Snﬁé§'a[uﬁ% eitl?%}(ed ﬂh (¥b & &pergyre K

| nventi 0” ' S t 0 pr OVA ??ob‘iéfﬁmlﬁx 4Bl Gh'hss?éb%&m ishﬁ&w@JHi” f¥Bit@céd¥er is more

di ode- punped {DP), d-state (SS) laser. 20 The present invention

entrances the thrtg'hd&tﬂlmmnattdghmglts edgeni dbis. nonnniforeityrdstydi sebynaffests thhquallty

i nvention, a UV DPSS | as tmiseui ed wth a diffractiv

el enont (Do) 18 RgeAed odh A bEn: pesUuBRERigd i Taiing A BavRe o
“top hat" or pr Yo H tdg qgltm Piyfigi e The
resul ting shape@q aser oh%ép%t Ql;ﬁé@dt?lhegg %ﬁdppe ﬂo aperturg g néarsk to
provi de aB5i mageighbbring dutdrateut put beam The |rraged shaped out put beam has
a substantially uniformintensity |aser spot fromits center to its edge so

that high quality viddasshsyssan gmploying thaﬁtlmeQ Grussign technigie gan beoimpiemented
damage.

so that varying fractions of the Gaussian beam are blocked by the aperture. If the

Gaussian irradiance profile is highly clipped so that only a small portion of the output



3 1 AUG 2002 6 Conventional systens that utilize beam shaping) prd@ 4cAlon2002 .
I,magi ng) or diffractive optics enploy |ow brightness non-UV | asers or

hi ghly astigmatic and nufti-node Excinmer |asers and have been generally
used in applications other than materials processing. 5 In many of these
beam shapi ng applications seeking to obtain_ near-uniformirradi ance) the
spatial uniformty is required to nake the f)rocess work. Wthout it) the
non-uniformty of the fluence at the work surface leads to simlar problens
Wi th over-processing in the center of the focused or inmaged spot and 73
under-processing at its edges. In the present invention, the beam shaping

does not enabliRaimheni¢r 3 slidwdd 1cpatd thiro@deme apeiriree thenithe BdtaaRe profileby
maki ng the process faster and nore controll able. The invention therefore

provi des the dmaged gutpshewnek surfaceavidlre mose negply amifornd Thipuriforouty esfmestas

UV | aser via 1llin ocess., { h ot her devi ces have been
used to produgée ﬁ@gpg%ﬁﬁeberc?ﬁnglaﬁla%% é’ﬁflfggle %%gﬁéat\%&? AP £ R4S Iagggngcef or
material s proGRsdeiigringIHE BnerBy 16 BROGOIZRI facelo WitingRiidh Mhddpdriisnd bObdarn
coherent, near-TEMP spatial node of a DPSS hi gh-brightness |aser. Further)

since unl¥ ke temergyampedespdrilling speadent to an exciner | aser beam the TEMWP
spatial node is highly focusahle) so th L ese Lnvention.can utilize a
mich i gher per condbgie (& Sl hand & uee BRI ST thadrEn herk b Pertied fjpass
advant ages of cyfthush KW gHRkuRS) tiéd higher ARARE icliverid doltRe #Bri OlH oWy

detail ed descri pt l(?)Hﬂéc/ﬁﬁﬁpref’erreglgerrbodl ment sethereof ‘\e/\/na'lg(l;% ;lI)-irocee sthﬁfvi th
reference to tdifferenceobgiwest thg irhadianceat. th8spetfcemes,cl, idi the spdt ddpes, D, avillrtgs
Fig. 1 is a perspective view of a three-di nensional Gaussian irradi ance

Plr ofile of a tlgt;sr:cihepfrmpn&ﬁenmfmassa?&mrwhs@ apertyreds commonkyr knorvoas @?e
i - proolsi ng fRRiIdr I E 38 5 Plusph RS, (IPRLMhe B mURt FiaddBhGT
of vias drill ggijgtg3t 0 a portion of ~H a generic | aser workpiece.

T= l—le/lc

For example, if 70% of the beam energy passes through the aperture, then both the
irradiance and the fluence at the edge of the imaged spot will be only 30% of the

15 value at the center of the spot. This difference between I, and I, causes tradeoffs in
the drilling process.

If high laser power is used in order to drill more rapidly, the fluence at the
spot center, Fc, can exceed the fluence at which the copper at the via bottom begins to
melt and reflow. At the same time, if T is large (and therefore the edge-to-center

20 fluence ratio Fe/Fc within the spot is small), the edges of the imaged spot have low
fluence and do not ablate the organic dielectric material rapidly. Fig. 2 is graph of
edge fluence versus aperture diameter for clipped Gaussian output under typical via
processing parameters. As a result, many pulses are required to clear the dielectric
material (such as an epoxy resin) from the edges of the via bottom and thereby obtain

25 the desired diameter at the via bottom. Applying these pulses, however, may
damage the center of the via due to the high fluence in that region which melts the

bottom copper.



3 1 AUG 2447 Fig. 4is a sinplified side elevation and partly 5039F$M83ﬂm2
vi ew of an enbodi nent of a | aser system enployed for increasing vi

drilling throughput in accordance with the present invention. Figs. 5A-SC

is a sequence of sinplified irradiance profiles of a |laser beamas 5 it
changes through various system conponents of the |aser systemof Fig 4.

Figs. 6A-fiD are exenplary substantially uniformsquare or circular

i rradi ance profiles.. Figs. 7A-7D are sinpkified side elevation and partly
schematic views of three respective exenplary enbodi nents of beam shapi ng
systens for varying the size of 10 an image spot. Fig. 8 is a sinplified
partly schematic plan view of alternative |aser systemthat enploys an

auxi liary gal vano er mrrqr path .to permt use of a, raw focused beam
Flg. 1% o gr aphi dbe chppedGrusBan drebigns Betelis ke irhdriot Jrcvess etk
aperture 15 p i L RITGHe | at
several typi c?ﬁﬁfté re gﬂ?ﬁi@%iﬂgﬂs ?g@gﬁgbugﬁ%tg%’é%s;lg? ?:éz;dltérvi a p%@gﬁ%ﬁ%%}
par amet ers. Fipglse #flerigy timat §s bglow ald cappepeefiosothresholdHlvemgé put dills slewlyf ard

clipped Gaussi an_and i maged shaped via drilling techniques. Fig. 11 is a
graph of via Tegydies many pulses i glearche i cdgeswol kPISHD: Sependingmen Bl iasizel ati ve
to the nom nae, GAGoRIARR heblibbn 3% hid Bo%' @R Blacklrfatfll BRI pdween
unction”of work surtace Tocation rellatrve 1o the nom nal i fage plane. Fig.

13 i s a graph wabtedi(plotiedy thiesenedsy and B ahdeirable prodess phiérontena lreiaatiton
relative to the nom nal image plane, 25 Fig. 14 is a copy of an el ectron

m crograph of nan-peiformity ef e ifluence withinahe imaged sRote funall viasican beglledd i s a
copy of an el gel OB Upebd UiAbwa fRistlsttnle kil (%3 1 38%) HRa'dir&fore nigher

uniformity of the imaged spot. However, for many applications, 50% < T < 60%

10 is desirable to obtain acceptable speed, and via quality suffers due to bottom copper
damage.

A more energy and speed efficient method for drilling vias is therefore
desirable.
Summary of the Invention

15 An object of the present invention is, therefore, to provide a method and/or
system that improves the speed or efficiency of via drilling with a Gaussian beam
while improving the via quality.

Another object of the invention is to provide such a method or system that
employs a UV, diode-pumped (DP), solid-state (SS) laser.

20 The present invention enhances the projection imaging technique. In one
embodiment of the invention, a UV DPSS laser system is equipped with a diffractive
optical element (DOE) to shape the raw laser Gaussian irradiance profile into a "top
hat” or predominantly substantially uniform irradiance profile The resulting shaped
laser output is then clipped by an aperture or mask to provide an imaged shaped

25 output beam. The imaged shaped output beam has a substantially uniform intensity
laser spot from its center to its edge so that high quality vias can be drilled rapidly

without risk of bottom damage.



epoxy resin in a 150-umthick pre-etched copper opening. 3 1 AUG %&ﬁ?Zﬂﬂ
Petai| ed Description of Preferred Enbodinent Fig. 3 is an enlargad\
cross-sectional side view of though hole via 20a and blind via 20b
(generically via 20) machined into a generic |aser workpiece 22 that may)
for exanple, be an MCM circuit board, or sem conductor mcrocircuit 5
package. For conveni ence) workpiece 22 is depicted as having only four

| ayers 24, 26) 28, and 30. Layers 24 and 28 nmay contain, for exanple,
standard netal s such as) al um num copper, gold, nolybdenum nickel) 3
pal | adium platinum silver, titanium tungsten) netal nitrides) or

conbi nations thereof. Conventional netal |ayers 24 and 10 28 vary in

t hi ckness, which is typi.cally between.9-36 ~c but they. may be thinner or
as thick as 72 -, rﬁsoq_végtéqnaié}/srms’ &BP"&F&F&%&B% Rfﬂeé‘%“t e OBbr gani ¢
di el ectric nufifffacile SPE3 eAiplOF AP BYighRBH RREUVEREYs ophﬁ%m 84 clahiazi ne
(BT)) cardboard, cyanate esters) epoxies, phenolics) polyimdes,

pol yt et r af | usnwtifmodenBxqimer Bsers\aadibave besnl gemerallySisad imgpplicationoothenthan ons
t hereof. Conventi.qnal organic dielectric |ayers 26 vary considerably in

t hi ckness) bURAHS PINGERSIRE-y nuch thicker than metal layers 24 and 28. An

exenpl ary thickne lﬁﬁﬁ’g& hfingl J QY& |5 9‘% % - 400
~, m butyt hey mange p ace%%crﬁé%%glnggskgéaggﬁ% 1. g&@'{gﬁr 2 f&ng]y al so
contain a st drddiance, che§patiaEunfdrmiynip eegiided ao nidka e prodbss WOrkl- aWathodCit,may

be fiber matte or dispersed particles of) for exanple, aramd fjbers)
ceranics ) orthgpenyniformity of thgiflueacesatdhe Work shrgacsileadsite sizpilar problgms withs

organtc di ol SHEPIOSPEFIE R e B4RE"oCDe Radohe Bl Bfige sPUiha MR Blocki ar, e

up to 10 ~c mits%g J. €th e pr&RAt Mibértioh) Ricdan #hagﬁ@td_dé@inaf EHabRRB lvid @i ihp al
may be introduced as powders into the organic 25 dielectrics. The |ayers 30

formed bY sudgirogessvdRather cit mfillancesit by making thalproeegs fastenand amare gontoel kel
nonuni f orm illed persons will  als reciate that |layers 24, 26, and
28 may al so b HYEoR Veﬁﬁﬁeﬁﬂwgeﬁﬁgﬁgﬁﬁﬁ’o‘t?m&f}e 3H§Y%0m38 efd st acks

robustness of the UV laser via drilling process.

Although other types of devices have been used to produce near-uniform or
"homogenized" beams with excimer lasers for materials processing, such
15 homogenizers do not work with the highly coherent, near-TEM,, spatial mode of a
DPSS high-brightness laser. Further, since unlike the large spots inherent to an
excimer laser beam, the TEM,, spatial mode is highly focusable, so the present
invention can utilize a much higher percentage of the incident energy.
Additional objects and advantages of this invention will be apparent from the
20 following detailed description of preferred embodiments thereof which proceeds with
reference to the accompanying drawings.
Brief Description of the Drawings
Fig. 1 is a perspective view of a three-dimensional Gaussian irradiance profile
of a typical prior art DPSS laser pulse.
25 Fig. 2 is graph of edge fluence versus aperture diameter for clipped Gaussian
output under typical via processing parameters.
Fig. 3 is an enlarged, cross-sectional side view of vias drilled into a portion of

a generic laser workpiece.



3 1 AUG 2002 9 having several l|layers of nmetal, dielectric) and U6 2002
rei nforcement material may be larger than 2 nm A through-hole vi § %O%t
'typically penetrates all |ayers and materials of workpiece 22 fromits top
42 to its bottom44. Blind via 20b does not penetrate all 5 |layers and/or
materials. In Fig. 3 for exanple, blind via 20b stops at and does not
penetrate | ayer 28. The taper of a via 20 is comonly discussed in terns of
aratio of its bottomdianeter db to its top dianmeter dt. A taper ratio of
66 %is currently an acceptable standard in the industry ) and ratios of
67-75 % are considered to be very good. The present invention permts a
taper ratio of greater than 80 % at a nmaxi mum 10 throughput wth no danage
to layer 28, and taper ratios of greater than 95 % are possible w thout
damage to | ayer 28FigVitas a semplifiedsideygievasibh und pargly schemat®Svid@®f-anm  but

| aser system 50 (Fig. 4) may produce vias 20a and 20b_.that are as small as
about 5-25 ~.?Wl?ﬂ%l@g‘gé’?érlaﬁ'iéES‘imrFfHPlQXeasf°"sW£¥qaé‘Pgtvl‘Paﬁmi‘3‘6 throgghpW iRt er are

preferably pr b‘l‘iﬁgceb\)édl C 15 Vias larger than 180 ~m are
preferably pr%guce byl t reggﬁ%ﬁﬁgvegg%%ent ric circle processing, or spiral
processing. Wth rEgerehs€ iksa seqaencd of simplifite inradiameiprdfiles of a ddseabtéans es

system 50 of the present invention includes Qswtched) diode-punped (DP},
sol i d-state (Gshanges thieugh vasious systerp cpmpananis offhe lasessystemp of Higdat e | asant

h a.s Nd: : X e . : l.
T Rt R S B o P, IR BRED, .

Wl aser pul sesrofilesout put 54 at a wavel ength such as 355 nm (frequency
tripled Nd: YAG, 266 nm (frequency quadrupled Nd: YAG, or 213 nm (frequency
qui nt upl ed Nd: YAG Figst TAgID anersimplifzedTsidereleyasion and pavly sshematieyviews ofithraough
Gaussian is used t.o describe the.i rraﬁ%@nce rofile of fI aser. ou}] ut 5@1,
skilled per soffSPSRHYVE e’é"m@'&’i%’?@%ﬁlﬁ%ﬁw Gam EpINg SEYCHS IALYATEEL %8??8 t
Gaussi apgout . ing a value of M2=1l. For convenience, the term

Gaussi aﬁoi S Eésﬂe,é%g?gel{ﬂh to include profiles where M2 is |less than or equal
to about 1.4, evenFigh8ugh sivigplifiedpastlyoschematic plan view of alternative laser system

that employs an auxiliary galvanometer mirror pathway to permit use of a raw
focused beam.
Fig. 9 is a graphical comparison of ideal fluence distributions at the aperture
15 plane for imaged shaped output and clipped Gaussian output at several typical
transmission levels under typical via processing parameters.
Fig. 10 is a graphical comparison of throughput curves for clipped Gaussian
and imaged shaped via drilling techniques.
Fig. 11 is a graph of via taper ratio as a function of work surface location
20 relative to the nominal image plane.
Fig. 12 is a graph of via diameter as a function of work surface location
relative to the nominal image plane.
Fig. 13 is a graph of via roundness as a function of work surface location
relative to the nominal image plane.
25 Fig. 14 is a copy of an electron micrograph of a 75-um via drilled in 45-um
thick epoxy resin.
Fig. 15 is a copy of an electron micrograph a 75-pm via drilled in 45-um thick

epoxy resin in a 150-um thick pre-etched copper opening.



31 AU G 2002 10 less than 1.3 or 1.2 are preferred. Skilled persons vvili .
appreci ate that other wavel engths are available fromthe other IigédAUﬁ 002
| asants . Laser cavity arrangements, harnonic generation, and Q swtch
operation are all well known to persons skilled in the art. Details of one
exenplary laser 52 are described in detail in U S . Pat. No. 5 5,593, 606

of Omen et al. UV |laser pulses 54 may be converted to expanded col |i nat ed

pul ses or output 60 by a variety of well-lghown optics including beam
expander or upcollimtor |ens conponents 56 and 58 (with) for exanple, a 2‘)9
beam expansi on factor) that are positioned al ong beam path 64. Collimated -
pul ses 60 are directed through a shaping 10 and i nagi ng system 70 to

produce collimated apertured shaped pul ses or output 72 that is then
preferably direct gtalledDeseripion,af Preforred tmbodimenty, o target col |i mat ed
apertured shaped g i 3 1 | so
referred to as a %?giﬁfzﬁ%nn%%g% &Og%gﬁgpﬂg%q%u‘ﬁgy(ﬁgw%@ﬁo jlég{&?vdgsalngns.)
to a desiredblind eia 20br @eherivally vio20)ddachinedliato npayeripliasee waitkpieckll gae 22.
15 Beam positioning system 74 preferably includes a translation stage

posi ti oner 783¥ntprexample. hsantNEM cingit bpard Qr semisonducige MJOFeHher 76

enpl oys at | I : . f Le,, X Y,
and 2 poai 1 BanaghPoP sBheleiBe BokbR9E 32 1o BlpaLERE kA Gng bBly BEHRCR 24
positions 8220m8 mdgore or different circuit boards or chip packages. In a
preferred enbodi nent, translation stage positioner 76 20 is a split-axis
system where a Y $ayere 241898 A8tmay pentainy fos exempls, steadard metalsxuch agje supports

The X and v SlmbaEn; eSuer A pelySabie. kel PAlafim lSiigh SHEF $ERHPPal o
64 through a@)ﬁﬁ%ﬂéﬁ NheRF DGR 'of‘%@{nbﬁéti@ﬁb%@&%g f @gﬁTédtﬁﬂﬁlrmZéJ #1?@1%%4 and

positioner 7 y Tor exanplé inclu a palr al vanonet er rrors that

can ef flgct ulBus @rthibkpedsc whiches Bfpicallo bessdend-3 i tbuo ey AsEbe titnret ovi ded
test or design data. These positioners can be noved independently or
coor di nat ed @®tglas TbpyBther in response to panelized or unpanelized data.

ased for ari 11§ ng Lot deomer<fineRpteiin adfudhrd rific theifdit i bt
5, 7S1, 585 of 204édBEyQbbiithne (BAB)S BismiairhidetigZiné (BT), SHAMBArd, opanatt esrb s the

nmovenent of the beam positioning conponents pre ablé synchroni zes the
firing of | aspexiex phenolies, palyimidess fpolytettafluoratidensn(PI Fdl), varonsmedymeroni ng

system 74 such as described in U S Pat. .No.. 5 453 .594 of. Konecny for
R at 10 Bodliefo st SooROnERpEor o CoRSHARA ATRHNC ieleurl e 8 Vary
considerably in thickness, but are typically much thicker than metal layers 24 and 28.

A3

An exemplary thickness range for organic dielectric layers 26 is about 30-400 um,
but they may be placed in stacks as large as 1.6 mm.
Layer 26 may also contain a standard reinforcement component or "layer” 30.
20 Layer 30 may be fiber matte or dispersed particles of, for example, aramid fibers,
ceramics, or glass woven or dispersed into organic dielectric layer 26. Conventional
reinforcement layers 30 are typically much thinner than organic dielectric layers 26
and may be on the order of 1-2 um and perhaps up to 10 um. Skilled persons will
appreciate that reinforcement material may be introduced as powders into the organic
25 dielectrics. The layers 30 formed by such powdery reinforcement material may be
noncontiguous and nonuniform. Skilled persons will also appreciate that layers 24,

26, and 28 may also be internally noncontiguous, nonuniform, and nonlevel. Stacks



e

System An exanple of a preferred | aser system 50 that contains many of LZE@
above described system conponents enpl oys a Mbdel 45xx WV | aser (35%

a Mbdel 10 5200 | aser systemor others in its series manufactured by

El ectro Scientific Industries, Inc. in Portland, Oegon. Persons skilled in
the art will appreciate, however, that any other |aser type having a

Gaussi an beamintensity profile, other vel engths such as IR, or other
beam expansi on factors can be enployed. Figs. SA-SC (collectively Fig. 5)
show a sequence of sinplified irradiance 15 profiles 92, 96, and 102 of a

| aser beamas it changes through various system conponents of | aser system
50. Figs. SBa-SBc show sinplified irradiance profiles 96a-96¢c of shaped

out put 94 (badng Mraldaud:rsgdﬁmetzé,scﬁekebiricehm) reinfosacemant madgriad mayi bst langee 7

with respect t . Z0' is the distance where shaped output 94 has its
flattest ir Rl profile shown in irradiance profile 96b. 20 Wth
reference again 40 . i d i magi ng
system 70 i ncl udEeA‘sthg6 ho[iengirlcejz‘%etg Cg{f Bﬁ%ﬁgeg%pﬁﬂg%géﬁg‘éﬂ %gg{t%rg‘{ti@ggnvert

col | imated morigsiccedl2 fromtitsreper2aolinvbotionss4.aBlind viai2Gndeesiioo pehetragall nt o
shaped (and_focused) pul ses or outgut 94b that, have a near-uniform"top
hat" pPof i | &ysendir mpaiexialsy ladilg. *forgyamplea biind yin 20 stapustndislogs npe, | n

proximty t sk 98 25 do strea f beam sha

50" Fi o, ” spelfufllk 4 B angf of £ At D RroBREp ) SERTRTERRS FA74R0SE
Fig. 5BC ShaubofiemURAREAA Yo 1Esr1%ﬁ'd@d]ﬁ&elpdi,0fA tipef St BN s Curkirly an 3 1 AU
G 2002 12 Beam shapi ng conponent 90 is preferably a diffractive opt| C

el ement ( DCE§tceptabie standapkinf therindusiny| end etmmos 631515% avd ¢dusidersd teftfei vergncy
and” accur acy m sha |n conmponent 90 not on%ggtransfo t he Gaussi an

|rrad| ance ﬁP?ﬂ‘ € pfes tgﬂ epiion PerRES Adaper dpfi ot Brepter MAnARYe abp HIAXIRURY
Fig. b t e bl e or
speci f| ed sgggﬁ@@t %@gl I‘E@cgﬁqﬁéﬁ rg%d(:;l ﬁ%@%%ﬁ%fﬁ&tésjgﬁa%%;agg
prescri bed ppssible withoar danikgRi tgndykr28. occur at a desi gn di st ance Zo down

stream 4f beam shap| ng conponent 90. referred enbodi ment i S
cl ose to or equal 1@ diagnetars fpicatly rapge ﬁeagﬁa%uﬁglb@t E‘F%fnﬁé’ﬁte“D&(F’g 4)

preferred, g&“‘? ali dé i SUA Ad ihObatBQ{;ﬁgl gﬁa& '&@tab&]tl% Bo%ng& ﬂe&%* %ﬁ 1

multiple se s suc ase plate KRt Fans

el ements di smhosa@ls sxﬂallér $rarPB50 pmlmﬁetaﬁéneﬁﬁefeeiblppﬁdﬂaye&by #dses pmivheﬁ‘g al so

di scl oses techni ques for designing DOEs for the purpose of beam shapi ng.
Sui t ablPe DORSasclarges shavalflf otane preterpblyawed@sdibyarepanniag, conggniripgirale

Al abama. Fi % 6A-6D (collectively Fig. 6) show exenplary substantially
uni form 15 PFeEE 8 SBFeFFPEeSSH8oduced by a Gaussi an beam propagat i ng
through a DCE as Wﬁﬁ%ﬂ:ﬂ%ﬁ@'e td“Ffﬁ %, alﬁeéferrwemﬁomnﬂaﬂa ldilaﬂé?yste@r?\ﬁﬁgf?tﬂi@w
square irradiance profil shows a cylindrical irradiance
profile. Th@resentagyention 1p¢lnd¢s| @-smitcmdg dumte-plgnp 1t selid-statedSShY Vnlagerer

wppreci o e CRARBEAROILBERet dapho sl Rt fich SR Gh R PER Nk or,
vari ety of Qs&'mf vid, 264 pysel ! g ﬂ@uﬂhﬁneﬁf.ltbﬁﬁﬁulLJs&rszsﬁﬁéférfab

appl i cations, tHese irra |ance es typica hange as” a function

of their di smam(tes Harmoniéally gerforated &V l&xexsmﬂsesvmrldutp.mﬁnem laav&velength such as
cylindrical |rrad|ance profile such as shown in is preferably

enpl oyed f o é|nrrt(freewe@cpretrmlnde1§d@éAGb&ﬁ§|ma|( Fqueaay amkuplﬁéﬁd EAGOrd be
Cormponent s 90 a0 EFBERS 4 BRI N WAL RIS BERar ] ity BB o0 12, 0°

strai ght forppgfild, via drilling applications ) an inverted cyI | ndr| cal

irradi ance profile would be preferred. 3 ~ AU G 2002 -
25 Although Gaussian is used to describe the irradiance profile of laser output 54,

skilled persons will appreciate that most lasers 52 do not emit perfect Gaussian output
54 having a value of M?>=1. For convenience, the term Gaussian is used herein to

include profiles where M? is less than or equal to about 1.4, even though M? values of



13 Wth reference again to Figs. 4-6, shaped pul ses 94 are preferably

f ocused and passed through an aperture nask 98 to sharpen the edgqocﬂu(? 2002
shaped pul ses 94. In a preferred enbodi nent, aperture 98 is positi at
the "nom nal aperture plane” which is preferably |ocated at a distance Z
from beam shapi ng conponent 90 about 5 where Z= Z.0') Z*, or Zo. Z* is
about the distance that permts a specified desired anount of energy of
shaped pul se 94 through an aperture 98 of“%.given desirabl e dianeter d, P.
Skilled persons will appreciate that in an ideal system Zo= Zo' = Z*.
Whi |l e positioning aperture 98 at distance Za would be preferred for nost
applications on a single | aser systenb0) positioning aperture 98 at

di stance Z* less th@nerepb;oy.edaréPrefa:rredtpsmlbdlpamns NI appreciate that edier ess out put
variations fromlaser 52 to [aser 52 and beam shapi ng el enent 90 to beam -
shapi ng el enwarelggthsare availpbls Epmcthe pthienlised Tasants. deaser il arrapgempats, Zo'

oy o) o PRy Gl AR beft Yol A npse !
si gni ficant | geagtyepelly oPbleeSletnplirs 158868150 la¥e 8&schBEPHOMGA in TS aPMaNage 15

of using distance Z* for placenent "of the aperture is that Z* permts a
vari etySof |5563,68¢f €wens ahavi ng vari ati ons in Gaussi an output 54 from

| asers 52 to enpl he same process paraneters fromlaser system52 to
| aser system5 ' &"ofasqrrml?%eéég T8k %?‘?‘Wﬁgggﬁwan@?fﬁ@smﬁ&dﬁi?eé&r 1OUPY es
consi stency ¢ | I s i 1 A ity.
20 Naok 05" rog P ANAFE il kndy  bRickincIBding el dipandidlor MRS B 1Y
preferably nestepdueatd 56 ahde3ge@iit, foretagiplda Zuban expiingiondactbr)shalt srel i ca or
sapphire coated with a nultilayer highly UV refl ective coating other W/

resi stant cop@sitinpediong twg &4 ciGalli yﬁed@pbpsé%rwim@mram@shawngxp
t hjghly circul ar .| d | 110. Th t f k
98 oy 1ot 1 o Pl s 20 s PR SRt e R Shoved TR By T
persons W | | taPRIB& plcferably\Wieled by tPbeadPpositidmin® bystdia k438 1438t Atlimatar e,

have ot her noncircular shapes, or éven be omtted if inmages of non-circular
spots on t heapamufedcshapéd enipkp72 dwowgh ascanders §(lhe ssan dansdpalapirefermed aoet er
of d,P clips the wings 100 qf. shaped pul ses 94 to produce .an 3 ~ pu G
2002 14" aper L7t ORS FaaEtng otPF B suflifs; ofieRiPel e BhE Rt f B s R
pul ses 94 at pbdiforP¥P B8 iRhed PRhE of WARRPIESS 2] energy. The transm tted
apertured shaped pul se or o%t ut 110 is then collected by a "first imging"
or col 116cti on | enBedr Dositiohing alystemrith preferatily inclides 2 translhtiomstege posifpener ur ed
shaped outpuf 72 that is propagated through positionin stem 74 _and t hen
re-i maged byséé%al%*ﬁ@%@o’éﬁ' c branslation ﬁggﬁzgqsét‘%eégéfgllﬁéﬁrﬁg%aéﬂ“ﬁ‘bert ur ed
shaped) | ase bfnfld ec ; I , and
creating i maglggxs a@e@%‘%ﬁ%ﬁ‘}% ‘hﬁ%&sg;;f I)rspot p(siél:’z}g’ g?gnn%t r sgbdg?ﬂ%%lﬁgﬁkﬁp@ece
22. I n apr ef pertiditd quidkomovetként beeveeatarktCpasitibns B2omnthe isame toh dififerent cigeudpt i cs
useful for inhihiting 10 diffraction rin however, a skilled ,e_rsonég/i |1

app][ eci azj e tha%r%ogplngméck_%ﬁ@i Hya p&f@n%%%é?@menb&mnalaaené%Fw Pn?rn7 .
P o 20, PTROLETRDLS shetem, Wi TV ile buppack nfl oVl MARoREL 5211 Kierdde |

the art"will _ otner” I'e nati-ons ocus™’l engt coul d
be substi t ut egbpoft Ang Gves st ?d%iﬁ‘éne_fr l718 a@@lobfetive lenk B0s thel2 daniehsidicb&®aen
| ens 80 produces an inage of the uniformy-illum nated aperture of mask 98

15 (or unif othe:Xandd stages inadjustableyand foddotirrofs Hasligrodebsamqathigé dhrongh a
de-magni ficati on fagctor wher e f,/fZ= d,=/d~.. In.a preferre

enbod?rrent Opn)émfrps,a(ﬁqwag}’:{lga?ﬁ ﬁ ﬁ%@%ﬁ%ﬁ?%ﬂ’%wltmﬂgﬁ%gﬁy f11ed
person wl | Is : AR hid 1 hShi Agrd. In
a preferred gﬁ%ﬁo@?ﬁﬁﬁdé%@éﬁ%@& ng conpohdgﬁ?ﬁag%fﬁgg%‘?t%#@%%@%g 20 and
first i2%agi ngrdcessingl dpkraticns asett eiipravided testioe desigm databl Fheserpositignexp cacbe

rail (IOR). In one enbodinent, the distance Z ) f, , and f, are_conserved
to pernmit nafmvedindepersiently oF coprdinatas toimevedogethelcia resnanss Ehpanelized A | OR

Fani's of spoliefigMRREt sy TpflehirBl iy BARAGHAL SR, N7 cCrponent 00 can

al so be variable so that distance Z 25 can be adjusted within the

tol erances of Z* for each conbination of beam shapi ng conponents 90 and
aperture dianeters d~P. The effective di stance between | enses 112 and 80 is
vari able. Thus, several IORs with different conbinations of |1 OR conponents
can be qui ckly exchanged to all ow processing operations for a diverse 31
AUG 2002 is range of predeterm ned spot sizes. These different conbinations
are enpl oyed so the beam shape or irradi ance profile 96 can be adapted for
each aperture size d,P to nmaxim ze the energy per pulse 62 that propagates
t hrough the aperture and therefore mnimze the energy clipped or wasted by

o o - Y " o o o "



S to enhancing the efficient use of the pul se energy, the adjustable 2002
coordi nation between the I OR optical conponents mininzes any mas i3 §8AUG
adaptations that m ght be desirable to make mask 98 able to withstand | aser
damage. A di sadvantage of this enbodinment is, however, the |arge nunber of
i nt erchangeabl e I OR optical conponents desirable for processing a range of
useful 10 spot sizes. For exanple, each aﬁam shapi ng conponent 90 may) for
exanple, be e~cient for only three to fo spot sizes due, and each nask 98
may, for exanple, be efficient for only one spot size due, . Thus, to cover
the nost useful range of spot sizes due, up to 250 ~cm for exanple, a

col l ection of eight beam shapi ng conponents 90 and, 25 masks 98 m ght be
enpl oyed t o Hrthat cha teldsed fortdrillidg vias 20l ie desonibed dn detad in UBS FPggsNo7A- 7D ar e

sinplified sjde elevation and partly schematic views of four respective
exenpl ary eréo'ga’g%f’gc&mefs%&bed i magi ng systens 70a, 70b, 70c) and 70d

(gener cal 1y) ShaReglel ORI LY RANA Mhal SOl MBSy 8F 6 tfaD | oS

spot. Wth reference a zooml ens or varrl abl'e 'beam
expander 12Gmsitionidy ddnﬁibheﬁt@?@éf@ﬁﬁ@ssytn@hfmmk e FilER 6T REGUSP©the hfbtion of
positioned al ong beam path 64 between first 20 inmaging lens 112 and scan

| ens 803 | n theeempenastiofrheamspositioningsysten éhguch 4s deseriiedxiad/.ShFat.iN® f ocal
length f, is Lapl nd therefore the de: ni fi.catian factaor M and t he
spor i ze o->4SL5HRpTREPEyeF Badhboh BRaE oSG Aot Fhissde 86t Hiaronty

exanpl e effig)js%m.I y accommodate 8-10 spot sizes and each aperture may al so
efficiently accommodate 8-10 spot sizes. Thus, to cover the range of spot
sizes ds~, 2s up Anexzimple oZa(preferred ddsgr systemyShdebancehtajisnganyoofithe ebdévwe- 90 and
masks 98 would he enpl oyed. These enbodi pents may enpl oy opti opal nment

al j
mrrors 79 sHSHPEdSYSiFEhtsmROnents EMRIPYS HMPAFEAIY Y¥ daser %medfg% of
t he enbpgdi ' ' : , ' 0. . nd
I ons 138 ar & 200 teeeR SARAH of WRRLTh Y S BT R o B S EieB ™, |
zoom | ens askeniy Borflafit, Ofegbdle RurkvidiskiRY iffthesdr Pl appreciatg howevemhadc
shown in Fig. 7C, lens 112 and lens 122 are conbined into a 5 single |ens

132 in zoom awrasherdasenitype having a Gaussingrhaanintensity pisifile, 10ther wavelangths such
enbodi ment of ed | ing system 70d shown i.n Fig. 7D, lens 80 and | ens
128 are conb?sn%g%gﬁﬂberg’%%flﬁ&’%}éo ECPERCAN BE STRIYS 5 and 1 ens 122 are

combi ned into a sFip§! SAlFENGEoASAIve§iFig! sgsw 8 Q8fuentd bf ARPIiAEd atfliddvet
shaped i magi ng systens 70a and 70c are best suited for a preferred
split-afkis tproftds®2 86, andaf¥ ¢foslasérdivam 61t changes thaoughovasioas systémagi ng
systens 70b and 70d ar.e best suifed.for.b osi tionLng. systens 74 that do
ot have a raRiPoRst BF Tt et i Hies B e B SR HEAAEE By o
fixed obj eCt%ée%c%}%hﬁ&:d oﬂ&bﬂt'ﬁ ORE! BN andVokt, rbiBhedly PRI RfcASE of hat

nuner ous ot her variabl'e | ens conbi nati ons are possible and coul d be

enpl oyed wi t distancedd weitht respect tady't HE,' scihpalistince ivherasteped ontpuf 34 Bhs o ugh

posi tioning stem 74 is shown fol|ow ng zoom | ens assenbly 120 al.ong beam
path 64) sonéXtEﬂSt Irradiance-pErfile showmin ea FPFQJJ%gg‘PO precede zoom | ens
assenb 120. For AR | atql itioner
may bebgosi ti oned“ﬁglstrergﬂrﬁezagggggmgéﬁmggﬁs’g;n%{ef/ 1@0@%03%%3933 aof
mrrors 75; ingapinpesysteh30 ineQslel ofaé 6f mbBe béany skeipiigdunypddefistdoahsicconopmst r eam
of lens assenbly 20 120. Skilled persons wil| appreciate that these shaped

i magi ng syst egimated paises 60 that baye & maw ayesian lradiangrprafile 82 dntgghapeddpad y st em
t hat it d it i f th t d that
the 1 bre suplEh e EreOospbh e afertiralh, 68 baC B IG 0BG o
perm { | aser puedRy Subét OAAYEA SriBiR AT Spplortlly YPRS héckird asR98F1 0.

8is asinplified part schematic plan view o aser” system 150 t hat

enpl oy25gal vdowmstteemsofHeamashaping 4ompomend @0c &ignSBaistiowsaanyexgaiplaaponet er
mrror pathway 156 tha n eﬁg%ded,to | aser_system 50 of Fig. 4 to permt
swi t chi ng belr CEBF?fIFlFrégééY?‘& A e aB® SR an;g{egﬁﬁar@dggéyagqp out put
60. Wth 3 fﬁ%’% ef erence to Fig. 8 beampath 64a is directed
toward gal vagl(j)orre er"zglnﬂgl}e(])i>§8 that either permts the |aser output to
propagat e al ong beam path 64b through shaped i magi ng system 70 and by

gal vanonmeter mrror 162 or reflects the |laser output off mrror 164)

t hrough optional collimting | ens conponents 166, off mrror 168, off 5

gal vanoneter mrror 162, and toward workpiece 22. Mrrors 164 and 168 can

preferably be adjusted to conpensate for pitch and roll. Skilled persons
w | appreciate that collimating | ens conponents 166 can be




variable to nodify the spatial spot size ds~ to suit different 2002
applications. Alternatively) for exanple, shaped inmaging systen136 égﬁ

i nstead be positioned along 10 pathway 156 to inplenent collimated
apertured shaped output 72 so the raw Gaussi an beam 60 woul d propagate

al ong beam path 64b. Simlarly) a shaped i magi ng system 70 can be enpl oyed
in both beam path 64b and pat hway 156 with each shaped i maging system 70
havi ng variable or different focal |engthsjpto produce different spot sizes
d~ , such as for quick switching between two different inaged shaped spot”}
15 sizes. Skilled persons will also appreciate that |aser system 150 coul d-
enpl oy the Gaussian output to performa variety of tasks in addition to the

via processing applications discussed herein. For ,fg)ﬁar_rpl e, . laser Sﬁ%ﬁm t
5t1 coul d be used Bepm shaping eqmpanent, 0 praferably 2 diffractive onticolempii (DQK)k s

Laser syster‘rzm% } . ay -
out put 20 11 %\#%@?@f@b&éﬁ%@aﬁ%@gﬂﬁy @?%&?@%‘ @{ﬂfég@fgg& \r?gcg.l\im ndows
that may i nclshaging\compotern Gfeaiot dalystrinsémng thaGanssianarradianod pidiile o¥\Fige dsur ed

over the beam spot area, and preferably greater than 300 nmW spot size
di aneters or 19;5& near-upafosm iFregianes probis of Big-3Bb obulishe alse foqustheshaped ap) v

or et o 1 han GRS 0ja Sreri BRI br beied BarifR, RO fe SEBRY ihaRinAbBoR,
hi gher than 3f4pkifa; thd Prestrib@y épok Size W/ @dsined b0 oftue aeh ﬁbsli%% BRtiee 7, Adamt

180-355 nm and tenporal pulse widths that are shorter than about 100 ns)
and pr ef er abl sgreamonf) beaowghaging 3ompenent 96h dntacprefetied eprb@ﬁjunmdzﬁais &hose &0 or of

danage Lo vi e Brdisiasee g ARhpyghowipble Sleatit B s eferieg; PHOR persctne
Wi | :c al EIO ap%ﬂ%@&@cié}t@ﬂaﬁlﬁ@DM?F d@fmﬁlﬁéﬁrseﬁéﬁfeﬂéﬂéﬁtg’ Wichldshhk S
preferably circular, but other sinple shapes such as squares and rectangl es

may be wueef ul phassipRwcindopaisfciin diements dspRsedincU S Fat.liNe. 5\/864,480 of Dickeyret
sel ection of beam.shggi ng conponent 90 cooperating wth a desirable
aperture shapd..3vhigh QI@ISEEZSCWMBWJOHMQJ%QO%%@E%Pﬂj’P%erftfchﬁaﬁ‘as been

determned to,facilidat ia-drilling i i,de ¢ . Of t 1 G
di el ectric) amplgghéﬁtﬁ?@’r’é% Ef‘rﬁ?'}e*"? a fs‘“‘?‘%‘?{ﬂe@hﬁvﬁs %‘8@ s%ﬁ%pﬁu@gﬁﬂle,
absor ption anglapifigr characteristics in response to ultraviolet Iight.

Whet her punching or nonpunching to create blind vias 20b, the netal |ayer
is 10 renmoved wi t hFigsf6A<6D (catiectivelyt Bigt 6hshownexemplaryesubstantiallyyuniformi cj ent

to abl the netal. Then, t ielectric | i d wit d
| aser. obt put FEROIARGE BatOeprolioed b5 ranstpo AT rasetny Fiovelhs DGR B ar o
the netal, Sodégfﬂilyedtiﬁl%.%i. PaLAYs.| £864 456 MBYR A6 ALEE SiktRv tstﬁg% {r¥adishc@Rratilet C

| ayer is not danaged. Thus, the two-step machining ne d provides a
dept hwi se seldndIFigi 6Drsipowk iaroylindrcad dsradismeetphefilse ckhedriadizece pwiide obhigbC i s

15 insufficient to vaporize the netall.ic hottom | ayer ven if the.second
| aser power o‘é?H!YF“G&EﬁhHWESg Bygher inteRsityatdissders '@agr&?‘é‘ﬁ:ﬂs qegte&o%@gel y
penetrat ed. J : 1 i n?ftb% i [ 1

punchi ng pro??srésd'%sv@ﬁargﬁgazasten atlbﬁa\?lg%tl 0 &)t e F?[?gp%gﬁgeggggﬁw&a%g@ya

out put s2ar e pvatiesy abothesietididrice prdfilecthat inigho bs usefuhfor spévific epglicasionyy aad

series of first laser outputs one at a tine to 20 spatial|ly separated
target positiess igradignceprafiescypically shange pea fangtion \of theindis@preHoBY Zgecond

rocess. | ay TG BR0R vl iRt el A5 AT rfacie R0 SUENRY B, o
wor kpi ece 22 p@y6Peis prdeabieemployéd fdiirchlap h;taérﬁﬁf@sf 9% HuBsidal RfdddinRe E)Ptﬁfxlcs
| ayers 26 of all of the spatially separated target positions 82. 25 Wth

ref erence agaweultidbemirgferred fanshiuaie apesturkisf and theqropestiescefrothércbeal shaping

G i 1 t f th i 1 d i d d 1 t 8 of the.
st 25 Py e Pemysamett Spfoufl S piigRl g B b o T PSR (FY i el
nask 98 al alfbr@idVil driifs kPR ERHeAM BAindkER FARRABYBRIIY would be

facilitates fornation o vi as 20b
preferred.




31 p~G 2002 19 with a very flat and uniform bottom 44b at layer 28 in
additiion to a very round shape and crisp edges, and this flatness and
uniformty are not possible with a clipped Gaussi an beam In ado:.j Hi AUG 20082
drilling speed can be increased with i maged shaped out put 118 over that
obtai nable with a clipped Gaussian beam 5 The addition of a beam shaping
conponent 90 to flatten the irradiance profile 10 of a Gaussi an beam

m ni m zes the previously discussed processildg tradeoffs between via quality
and drilling speed inherent to the clipped Gaussi an techni que. A high
fraction of the beam energy can be delivered to workpiece 22 without a

| arge difference in fluence between the center and edges of the inmaged

t) i.e. the ed - o o = ' iy |
traner safon | evel THLSeRraneaglin ) ST0 %4 By ofties o e BRABEA SDREa Wik | ©
apertured shapedseduhpstigh bhGipamerei MBgIR whppen e qige of IBaped paiés94. Ina

transm ssion levels of 70-85 ~ without a significant decrease in center to
edge fluence rriefesred genbodiaent) apesture H% ispasitioned Aothe "RPMELRE aperture piase

damai ng. conduihish 1 BiFEabl 10calels SRRSOk Wenl HRRREEamtbbal Waboune.
First, the tranBefes @), | 2% 2,NrDUBhbobetheARinds that pefthid@Epdcia desired he

clipped Gaussian) so nore energy is delivered to the workpiece 22 in each
| aser pul se 1lamoubtobenergyofishaped pilgh &4 tirougnaw apearure 88 o plgivan desirable edges

of the spot, the dielectyic material. can be c|leared.fromthe phottopm edges
of the vi e rordemeer dei i fedirons BN GAPEr e bt b Sh RSO G Aok o
the two. Fig. 9 Showsils pseailBitk 3pnat Jdealsnbe! o0 SRURS B biefirdd fof Bfbst
aperture plane for shapéﬁ outp%t994 angﬁcFF%peg°Gagss?% ou{pup atssevera
t ypi cal transnappéications @viel singlethser dygtenS8| podidoring apestire1 §8 padsmaters is

Fl uence | evels on the worlcpiece 22 are equal to the aperture fluence

| evel s rr%up ti pl qreRloysd for @reups off serieistearini m@éfteéﬁ OtRuL wiazielng fromY laser -m;c h
bpert i 6 edge B 2ot Radih Msnfal S5 todteall sBibE el o) PLRTReAC

94b and cl i ppeskcaisé T AnérelsPhkitive thad ZGt sudke that adjistinenbivithill thpitsleRnéeof t he
fluences at the edge of the inmaged spot are about 7.4 and 4.3 J/cnR for the

i maged shaped dsmpestZ? will notgenerlly depiie the flamgsscof ipjpdiancmprofile ol i that )

respectively. The rate at .which e rgani e die i L] f
| ayer 26 can bl I@%‘é‘f‘é’flﬁ?ﬂ@g a@?’%‘ﬁ@ﬁ*‘?gﬁ? |Vg“ %‘@ﬁ%érnﬁlf?i}(égﬁﬁ \T\EB?’FYJ@&%
level s. As a rerusidg diStahde Z N eor@laceaielit of the dpbrfind iPBaCRABERKIRCa ViTidiP O Taser
pul ses with the i maged shaped output 118, increasing the process

t hr oughput . 5 sstepwsaifhayingf vagiationssincGaussian outpirt $4 frgmvlasess 39 tevemployrthe sane
shaped output 118 in accordgfce with these gonsidera%gons of present,
invention is dUQETY BBHIHABROT e Sﬁ’F‘GE‘r@e‘P 2SR e- et F‘Fe%”i‘?é’@é’if“gl}%t
can be mai nt ai PR, eBloyWPPP fRilitdles 2ohst@dicy il GodRedfaridh, Waintdp, copper damage
occurs, Fd"",g~. the di’electric material 1s then ablated at conditions

whi ch wi || notsytelmgizatior, andtvioguadifh. | n contrast, with the clipped 10

Gaussi an_beamat T = 50 _% , one coul intain t enter of th qt at
RSt TaReal & o MaRk a8 ey eRPERS 8 U VG AL0n D VS Ry e Gastriate Do 1y

Al ternatively, qﬂﬁ% ! c ol LG
case t heI \éen%lel?ge\;\regﬁtﬁg%ggat ggwgg& 8? @?Ege;%‘a%%g%gt% gg%dglq‘gseg I%El(’lacr?i:dg)s%kﬁ&
resul ting in sedatsdowith almullapgrehighthi UV aefidcrige toting dgiees WV redigantroaating. s pot

at high fluence enables the dielectric material to be cleared fromthe 15
via edges wi t hMrsk\88 hasa sircian apsstuse with adliasaeter ofid.s© nredeseeashighlycirentag, i al

greater than o Feaeedfudedd BREPKHo, Tt BBFER BORBE oF il dygidyRlnda ™"
conpari sop of &liatdly aUEdRER ekiting@ided CSUiBaESEriOhs WA apPreafite, HodRosk, At put

118 and the clipped Gaussi an output for punching 75 ~mdi anmeter vias 20 20
in 45 ~m deep 2pesiuye obmask 98/ ¢anber sguaree have athermiogpeirgwar shapesyionieMembromisted of
pul ses) N, necgssary to achi eve a bottom djianeter db at,.least .75 % as |arge
Ds the top df oARBRSoF DaR RS SO an HAREIES O wPPRSaARy TS BEDlr

determ ned. Thgecgptablel MSiakei®® of'@>S cfips fhielvahgd10006f sthﬁbe"'d Mﬁédde%% phbdiice afie
P1ZF) and a I.0 ns via-to-via nove tinme waS added to obtain thée throughput.
25 In general, as the laser PRF increases, the energy in each pul se, and
therefore the work-surface fluence) steadily decreases. Since decreased
fluence neans less material is renoved per pul se) nore pul ses nust be
appl i ed. However) as the PRF increases, nore pul ses are delivered per unit
time. The net result is that of two 3 ~ au~ 20D2 21 conpeting effects)
one of which tends to decrease drilling speed and the other of which tends
to increase drilling speed with increasing PRF. Fig. 10 shows that the

T Y v .. [ Y




Fig. 10 al so shows that the throughput curve achieved wth i maged shaped
output 118 is flatter than that obtained with clipped Gﬁussiagb?uhggtmmZhe
‘flatter throughput curve is significant for managi ng the tradebff t ween
drilling speed and via quality. In order to avoid damage to the bottom
metallic layer 28, it is generally desirable to increase the |aser PltF,

t hereby decreasing the energy in each pulse and 10 reducing the

wor k- surface fluence bel ow the energy threghold for nelting netallic |ayer
28. As the PRF is increased, the throughput obtained with the imged shape
out put 118 decreases nore slowy than that of the clipped Gaussi an out put.
So as the PRF is increased in order maintain via bottomquality) less of a

t hroughput penalty is incurred w th the i nmaged shaped_output 118. 15 Wth
reference agadP§rifsdrshapediprofile, 102 thapderreasshhg diameigt of dhaped ppsess94 piabpeak

drilling thr O%}?ER#LOfWCip&#Bﬁﬁ‘g&%ﬁgrégver that of the clipped Gaussian by

nore than 25 e | nmaged shape tput 118 al so achi eves hi gher

t hroughput than i sThechamwdtded\apertured shuped puise dr Gatpus il 20 idhamtolldctdd Byhe
added benefits of better via quality (repeatability, sidewall taper)
roundness) . 2Uirgyimagings oscolleciion;lgng Ld ot fpcaldangth futospriogugestolipted vi as

20b, thei d_shaped f ' ' | jts b
Caper m hi m ARG PAPAER A Wt aroRRERH ShiRER pasioRna Sk NERC SiBri o
with clipped @ﬁﬂﬁéwﬁ SexnRehs 80 Bf RfEH] lengih f| & gl?dﬂ&- ?%ig’ég&i%géﬂrﬁ%ﬂ sﬁéf‘e’g ctric

material fromthe bottom edges of blind via 2 fas I scusse ove,
the i maged shiapedystemnpuises an outpsb1t4 diectehtovdird verrkpicce 22t andicad¢atid§ ifmaged t he

bott om edges qf vja 20b re conpl et el i t hout ri ski amage to the
nder i ng. meaptd Sutp B o Gractiss Simielss dom DR HKBIRSR A2fln BRiLdesr Sl
virtual ly el i ga t i Jisl g L mﬁ’ﬁ ' 28 at
the bottom ceﬁ%%?ntvggs&@%ﬂg@ %Odﬁé‘ ls%éﬁ g p.” 8&? én%algsggﬁg Qgiéyﬁfser
out put 108 atdifffachibRtidgs; Rdveevet,uesidBed pétseivwill appreciatel thatch single hging lens
indefinitely until a desired cleanliness and tager is achi eved. Moreover,

beam shapi ng eamneoaettoyldle emploped.stn & preferredembediment, pfjFs 2 mavandyf,an81
inverted irradi ance profile sho in Fig.. 6Cthat . is clipped outsi.de dashed
5"\ Thes 180" ¢ Mgl pereonsFBNEL B 58 L sheog el pilieh FBS FoBbisBuom e} o
20b and ther efyu,d Hﬁ%@?&oﬂ%E@ﬁﬁstftﬁ’tﬁ@f -ThIQ@r_anxﬁﬁSﬁbf tHRVCeLth 18R 112 2nd

taper ratio of grealer than 80 % at a , maxi nrumthroughput wth no damage to
| ayer 28, andtht agerlensi80 pmodotesandaiage of wumforsdy fllwmihared apgrane of atasb 9¥i as

20) are_possiple without damage to |ayer 28. Better than 75 % tapefr ratios
2re oveRS poss\oDRBHpER TS O eeiteular S50t if Rissk OB duRoro0. % JerHAgHFARD: o
the via top Wakir MPNVREE MRS /£ARt §CR1Al TRQULretRl HBBAthenT 08 B ixBE de-

di mi ni shed. Fig. 11 shows thé tati®8 via'bottomdianeter to the via top
di aneter (62 magnifieatiodrsy$temg Mr=2266 paithoagh skilled persor iwill apprediaephatyothersded)
as a function work surface |ocation relative to the nom nal image plane, z
= 0. Wth ref BaBHBeatiop factgrs copld bewseds noni nal i mage plane is the |ocation

= 0. Wth PR persefs .
edges. Posi | ve va Rl by Sn sl Dt G O aekEb LA

i.e.) wkoh t hmdvmrskmmgﬁ% R8s Pl neRMmbwited 64 ah itBichAigpealietinaydp lopties falan
di stance of segar atio iy ’ﬁfﬁ Rlop G

-

ere z = 0. The 3 a error bar is shown for
reference becdUR} Booproembediment thadistancedefi andrkyarp conservedsalpermiv measur e
reliably. 20 One hundred. vias r.e. drilled and asupe each .of nine
val ues of z. %“fﬁ%.r“%r elat m%?‘gge‘#ttk%é:ﬁ"wgp _"é{p_&qpraﬁztewv@@?@%?“serror
bars repr esengonifiheri® Wit differeat ,%i;@@a?es% pedarA dilRYdedah % fsporBizdd _TEan

over each 100-sanpl e data set. | argest bottomtop Fatio is achi*@ved at
t he i nage pl afibe positioning of Beanif$hapingmomipoaent 900Gn-aism beavayiable socthitatistamdet D p
ratio al ways greater ‘than 75 % at high throughput,. 25 Fig. 12 shows via
di amet Yﬁi(i n §3-terAdjysied ‘Hmpl%tql?{%%‘}%ﬁépf F@E’I@F@%I%erbgé‘a shaRing
resin) as af&ﬁ?ﬁﬁ. g f A5 ti ol ] ismage
pl ane) where z= angﬁg@pﬁ\gavﬁg?lﬁ%&ireece %tl}gﬁg"' n'gl?/ee(éjﬁ#%&% \ﬁgsrtﬁrfaégtgegz et@ﬁg& dr%ggn% inzg:i

i mage pl ane) akie8hisosasigbleViThut ofeveiah BORe Wwithrdifferaccombiaaibs\of IBRr | ocat i ons
bel ow z 31 AU G 2002 23 = 0, the top dianeter remains fairly constant
out to 400 ~, FATRIDEHISCAR be quigklytxchangedie alow progesting gperationsdaba diveysenel d
towwthin 3 ~cmof the average value, with exceptions at z = + 300 ~, m and
z = -300 Vim For the bottomdi aneters) in contrast, the average val ue

decreases steadily fromlocations above to | ocations below 5 the nom nal
i mge plane. Because the dianeter and circularity of the via bottomare




significantly nore difficult to control than the size and roundness of the
via top) the bottomdianmeter is shown for reference only. Statistiéﬁg
process control techniques that could be applied to |aser systénﬁ éﬂ@?
150 are, therefore) applicable to the characteristics of the via tops. 10
The data in Figs. 11 and 12 suggest several approaches to managi ng depth of
focus issues for process robustness. If one wishes to maintain a constant
via top dianmeter over varying nmaterial thiggnesses and machi ne conditi ons,
it would be advantageous to set up the process with the work surface

| ocated slightly below the nom nal image plane at) say z = +200 ~cm This
woul d produce a zone of t 200 15 ~mof z variation that could be

accomodated with very little effect on the top diameter. If, on the other
hand, it is mirREecRiqredearanined spat sizes- nThese Suiésrapi combinations arg eaploysdsathsr
ratio, it woul b i cat ed
exactly at t hgq%@%h%gfgrﬁ%ggngfgrﬁgﬁ ¢ ?’ﬁlggp%\gg %%E?%&?#a%ﬁu ?‘f}gu%é?'ltugm top
rati o woul d dewaximize they emengyrpercpuldeatl that-fifopugmesathroughnbe apdrnat ahé detefore200

Vim The 20 viabiljty of either of these aggro,ach_es_ deﬁﬂgends on whet her the
other via charfBigiize the energycHpPed QF Masted by 18e)51z6 iy ofithe aperiurgo A gddisanoo

o oh 18 Lnowdd phiipe R ThE BncidiP G 6 B Pule AR tle3HRAbE: ot bdtbeby
35- hem parti CuhellGR bpfichl bMmPEnchROMINifmfes Any Wakk 98 USSR tha mighfbe. 13,

the bottomcircularity data have been displaced to the right of the actual
z val ues for dlesirahlgtoonaks mask?%ableto withetand laserodamagedat a are for reference

only. Fig. 13 shows, that the circularit. defined a he m nor axis/mj or
axis ) is always at h‘éﬁ \fangggo f?bé? expﬁg&xﬁﬁq 15y Lﬁ%ﬁvqcﬁﬁeg‘aﬁgﬁﬁb‘ %S’fo he study.
For a 62-~m  iRednAbb-GhiRAOR Stical Siristhetiis BHMle (IQVb&stifik hbhdeof useful
corresponds to g m@jﬁor di ame%fahr t hat ig gbout 66.5 %cm Isarger t aon qtsﬁe m nor
di anet er 10 Howesperr sizek orFop @sample ceach\behmeshaging campomant 58 Inmy, ftveexacpleydle | nage
pl ane), the statistical via-to-yia variation in circularity beco

) e
appr eci abl e. FHacient for omy three i, {gyr SBehALZeE Koo o3RALASRMASK 98 104 gcXAmPle e
are 5 neani ngl % Clreul arit b =.+300
T Fg 15 Shiettan iy Re AT e sy Whed¥er et HELTRI Fapef of k",
I n general, theebdagap t6DSPRM, fotl dxdinplel @ colleqrionsediglit befn ish@ping eompdrienys as
20 to have a roundness or circularity of greater than 90 % at higher

t hroughput r St%ﬁaﬂﬂﬁéml%ﬁ&h P8 wightcbe grnployed tomsavida gl of the dasirpble co ilﬁ‘ﬁﬁ?S-h
, 118 1 . '
cven 5 D3 over "t no 1Rt B P g rR R Gy d DY Rl AbEeDERal "

Al t hough somne redpetthg éxémipRirg mbegitidnBest shepedl imagidrystems JOR, b, t70€, ARXTORIM
out put and other factors involving the use of currently available UV DPSS
| asers 52, ski(genseicgldt, sbaped\imaping systemi #)) dont yaryingshergireohamisngasH spetoP&Eh

| 52 1 S b i | abl he via di d | ' i
hose: exanpl odoEstone Fiks: £30874" Raofinile™ AVaR0E B Her 120E G gk
output 118, prgiefmbén :hmﬁhﬂsbmccﬁﬂ{cyﬁﬁ poSitioadPAlbA beark ?Sﬂh%&_ betwA first

i maged shaped | aser pulse 118 over a larger area than that typically
covered 2y t hemagingtiensel 12andisoan lehs 80f du theselembodi®rots s therfocad dengtind, As a

{ ﬁ;sglkae S ;N bP melcl?gl(xatrtﬁe ?ozcaplac\ﬁgthe ,e;g %Xf!ﬁﬁé ax?c*J {h%reefl)rie | et: ae-trr?agin 1ca3cimz ?ac%rr]fj M,

and the spot size d,,, are variable, so each beam shaping component 90 may for
example efficiently accommodate 8-10 spot sizes and each aperture may also
efficiently accommodate &-10 spot sizes. Thus, to cover the range of spot sizes d,,,
25 up to about 250 um, only a few beam shaping components 90 and masks 98 would be
employed. These embodiments may employ optional alignment mirrors 79 shown in

phantom.



of netallic layers 24 and 28 where the |aser spot will exceed the ablation .
threshold fluence for the workpiece materials. Wth respect to blind viazh
for exanple, imaged shapP~ pul ses 118 with fluences of 10-12 Jlcng hEAU&) ﬂZ
enpl oyed to ablate a top copper |ayer 24 of 5-12 ~, m 25 thick for snal

vias up to perhaps 40 ~cmin dianmeter. Skilled persons will appreciate that
this fluence range inplies a fairly slow repetition rate of about 3-6 kHz,
for exanple. Skilled persons will also apgdbeci ate that higher fluences nmay
invite adverse , consequences such as heating) and the resulting sl ower ”5
repetition rate would 3 1 AUG 2002 25 negatively inpact throughput. As

t he power obtainable with UV DPSS | asers 52 continues to increase,

hi gher - energy pul | Ll ' (- e {. i i ng
technique to thr 03529%6%%5?&5%%ﬁh%6 |L %ﬁéﬂf é)ﬁr]b&éirn é’étrg&flsiﬁg&sﬁ 'glgg.ﬁlglas&a?f?j%g

interim a prskéwn ieHigrB)aéhsf 80 andues 1 28aretdnitdiedthiond singlelléns€r3034 z6bmS
blind vias 20b having dianeters greater than about 35 ~. m enpl oys | aser

system 1S0 ofiensiagsemply §2@b.gdn genm densassembly d20p af theembrdgnens of shapsded t o

provi de focu . ' t. l.ase t.em ut _114. The focused
aw Gauss an BEERE ST 0o BR 48 Kle. 7T 4R LIZURIGR B4 B 'colliea B -

typi cal sy usisiiglealefs 132! Pddhe 1dnS GbsenibINe 1268 dlrf J5dkh fehS aSRmPANPITRA $Fithén T or s

| 58 and 162 are controlled to allow the |aser output 60 10 to pass through

i magi ng syst embpdinient of shaped snagjng isysternt70d showpdn Fiys 7IRdgns &) asklens 128w t op
nmetallic |layer 24 is processe or .| e b r tched),. the

uRderljyi n? éiaé‘f %Qf{“?‘f’f:i);‘%?/érs“ﬁg" é‘—&ﬁ@@ﬁ@é&éﬁ??ﬁﬂiﬁﬂﬁgﬁl#&@ IPFFPI%Qedd
shaped out putg Ie ; r j ; r uce
T ae00 w b sipeleicht 132, Sfteq pEHGAC G Sbprot BRthat SRS iniddihe G5Efs 19 AhE
descri bed. TylOt ard besbsuitedl fot k preferred split sixiirinsiition emgt pogidofer 16, Aad it about

0.8 J/cn2, which does little to no damage to bottomnetallic |ayer 28, to
above alfbut 4hapedrimagingisystems7Qb and J0c arebast suited farbeam posidening/Fysams 74 c

| ayer 28. At h e preferred fluence is materi.al dependent | uepces of
1570 67 ond i A8 e B Bes€pesfonst 18 heh e pdT teSheiPe sLBE 8 bpeley K
shaped pul segbetilv@RAS 86C [SkRIAGRPRINs Will Furthér dppheliate’that Anérblis ber Per sons

wi Il appreciate that there is a throughput advantage to processing the
upper porti orvatabldileriseombinationy are possible andfdoukhhreeraploy¢dewithoidepartidgof thi s
range and then reducin {H}g.fl uence (preferably by increasing the
repetition rat® AGHAPTC 6 PERUP end of the range as the |aser pulses 114
get cloge to bo“Qﬂtﬂﬂﬁkﬁ ?iﬁoﬁiﬁ%%&st&ﬁ-mﬁ%h&% fdﬂb@iﬁé‘é&diﬁmwasschﬁﬂeué' on
rates of 12-45 kHz are preferred, 12 25 15 kHz for larger vias 20b and hard
to abl at e | aydong Beamopath 89, sbmedizits compomahts enay bhel psitioBed kd prtcgierzoonsiens | |

appreci ate t hat e repetitiqon rate values will increase as..
PP asscmtbqy ?SO %%r examﬁe, some components of translat(l:on stage positioner may be

positioned upstream of zoom lens assembly 120, such as some of mirrors 75;
however, fast positioner 78 is preferably positioned downstream of lens assembly

20 120.  Skilled persons will appreciate that these shaped imaging systems 70 may be
supported by separate IORs or a single IOR system that permits exchange and
repositioning of the optical components and that the IORs supporting the shaped
imaging systems can be easily removed to permit laser system 50 to provide Gaussian
output for versatility.

25 Fig. 8 is a simplified partly schematic plan view of laser system 150 that
employs galvanometers 152 and 154 to produce an auxiliary galvanometer mirror
pathway 156 that can be added to laser system 50 of Fig. 4 to permit switching
between collimated apertured shaped output 72 and Gaussian output 60. With



avail abl e DPSS | aser power inproves in the future. 3 1 AUG 2002 26 In
sonme applications for mediumsized blind vias 20b) it may be desir, qlﬁusqnmz
use the fast positioner 78 to process the top netallic |ayer 24 bﬁf
nonpunching with the focused Gaussi an output and then punching through the
dielectric wth i mged shaped output 118. Skilled persons will also

appreci ate that the focused raw Gaussi an output 5 of |aser system 150 can
al so be enpl oyed for processing through-hollg vias 20a where the via
dianeters are too large for efficient imged shaped output 118 or where
speed is nore inportant than roundness or edge quality. Wth respect to
processing the organic or inorganic dielectric materials of |ayer 26) they
typically hav 0, r 0
with a proj ectq I gen&%égng%:!:? Cgﬁé}l’?arhaﬁaolg d&%&?ﬁ ﬂf‘ﬂ{e}g |g§{§8&?§‘§le}s4}“?‘§t?5e§&}a§

di amet ers. Howgither perfrits thelag@T outhial 16 ipiefagat aking earhatir 646 theoddisiapedO ~, m
and larger, depending on the properties of the particular material, the
energy di stri HMREHE systemdyand bshgaleanometss mirror 462 95 reflgess the daser awpnbeft

cach | aser o et 18 1 SiBpA KoiRE 1ch® cAlHiGHeRE VoD bSRIFG (RO RH®C
where vi a5 di ar@lﬁh@m@@éﬁﬂﬁﬁoﬂ@&'taﬁ@w&@wwﬁﬁid&cQQZEMMSQM%&QQS\:ﬁry and

perfect roundness are not as inportant as roughput, inaged shaped out put
118 or focusegrcizmbly beadjustedito cimpensae fe;y[stchrandﬁolh s preferably errpl oyed

to create via 20 by unch pr cessin in osi tion
Skilled persons wi 9K %iq“ét"é‘ taRH’ECCWgen'g‘ﬁnﬁ‘i‘ﬁ]y“B?'g%ng ﬁé)f“E%HF"bﬁ' 5 be
accept abl e ta R ge d k
appl i cati ons. lragl g?e ?Q%iﬁ%g | es Sitzgﬁ%tt%kﬁLrlgeéﬁgﬁg cati I ind via
processi ng. SkAldraativedy, fonexantpld, shhpeal inpgingsystem T(hedn inktead hmgeﬂnmfedpﬂa@g
output 118 may be nore efficient than the focused Gaussi an out put for | ar ge

si ze vi akhr n rREEV plrﬁﬁit@a@mmmﬁma?ﬁﬂ apaawEed shaped VR 721sedthy R Gaussian |
S
haped out put R U9 Fabiprikent sl beofher B4b " S, "o i Sl O

the resin thi Cl@abeWpl ﬁdmrﬂmﬁmxﬂﬁmsnbaﬁd p&:ﬂwwasemaeraeﬁ shapegt chi ng

away the top copper layer of a resin coated foil on an FR4 core. The bottom
(or inner) Iayamgmgppspnw(lﬁ)shayslgm(abldmdhff;rem focd lengths © producexdifferene spat

features are note th he.v i dewal exce na noot h
and straight, b@u’(?*( syvhtgﬁlggieg\geegﬁ\g? ﬂa{\?r tf’FﬁEﬁd q?@&%%mst owi ng
to i mage;roj e%esoekﬁiedtﬂa?sohgwm aﬁg%bf)féfzﬁte &xmaéer a¥s:ann@okbﬁrd @hpl¥y the
circular) as previously described. Finally, the bottom copper |ayer is

| ar gel y undanmdgasiamdufputte performya Gariety oﬁtasbsmdldémonao thehvia ppesessingil ar
test, the beams in optics, were confiqure U |nve ed
fluence profi I"’é’p¥I 985? Fdsp?fgn\mﬁ?{ %&P&c s%zf‘?lgﬂtbf’ys E?n%ﬁ’ at
the spot peri Fﬁi&h&sbﬂ%ﬂaﬁel&*&?h@ﬁ%&h hf,l[{geatgaser par ameters (PRF and nunber
of pul ses applied) were en adjusted "to produce a work-surface fluence at
t he periphery that IBersstemss30 aldols drbeapableuaf groducingthseresysteni havimg aftputhe
ose |nspect| on of the |nage reveal s that the sm)oth ar eas near
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15 shaped output 118 For HDI circuit board microvias, the nost common

| aser drillingoftabemind yinetoiabopteks e preferably drom abes 250k50i msomeneaisr thaa 369 a
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~cm) with larger pad sizes ( > cn). However, positioning system 74
pernmts the achﬁ&%ﬁbﬂﬂlamwmot&pelse andtgsuﬂmarmoaer &@erab@nrllol)rnsga@st emto

be coupled with the higher thr f drilling.only the die ctrrc

Fesi e 1 thi sPretssriny aseban a6 4B or shgust. Ins PP e puiamin s G 5 e
approxi mate si fllWl)Fe SEGREd ttenfpit to a?&meaﬁthkﬁﬁanlaﬁﬁgerévrawm&ed to
align and dr|II er via I'n this opening nni ng el ectron

m crograph of an exenplary via 20 that could be created by this process is

presented in Fig. 15, which shows an inmaged shaped 75-~cm via through
45-~ m epoxy resin in a 150-~m pre-etched copper opening. 31 AU G 2002
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28 Skilled persons will appreciate that the beam shapi ng and i nmagi ng

techni ques descri bed herein not only permt enhanced via roundn%gj R@g e
quality, but also permt enhanced repeatability and positioning curacy
such as in the exact center of pads and may be useful for inproving

| npedance control and predictability of the 5 el ectronic workpi eces.

Furt her conparative data between shaped i magi ng and cli pped Gaussi an

t echni ques, including color electron ncrod®aphs, can be found in the
article entitled "H gh Quality Mcrovia Formation with Imaged UV YAG “§
Lasers,"” which was presented as a portion of the Technical Proceedings of
the IPC Printed GCrcuits Expo 10 2000 in San Diego, California on April 6)

2000. It will ' 3 [ Ll i th h
oy be made 1 SUFRMRlaRs et B3R5 YN 16 Abireciant T e Sk abd B ERF Ky RN 95
i nvention wit bawut UBPRprefegably cirtuling bungget Yinide sHapessudhaes shiigeeatd The

scope of the present invention should, therefore, be determnm ned only by the
fol | owi ng cl aF¢esanghes mayoberusefyl andeven comgplex boam shapes afe ppssible withi the prepsr ng

cast 11 et andediondlveri}ohg PolrBofbuf B0 reoftRGHE vl e Ratte aBriY e

mat eri al § havipgasiespecti ve first and second abl ation fluence thresholds 5
conprising: generating first Gaussian |aser output having a first Gaussian
energy and a subst dhe aboveydasanibeasi procéssingdvindow has be¢r determined, tol faniditate via

opti cal path SRRgh a:vEle PRRS At RetalbE: tlelisico AN OUED W /BHETRR AR R ODE
Gaussi an | asef;yapeRipticdl¥bSorptibh id offf Eharacteristics in response to ultraviolet light.
Whether punching or nonpunching to create blind vias 20b, the metal layer is
10 removed with a first laser output having a power density sufficient to ablate the metal.
Then, the dielectric layer is removed with a second laser output having a lower power
density that is insufficient to ablate the metal, so only the dielectric is removed and
the underlying metallic layer is not damaged. Thus, the two-step machining method
provides a depthwise self-limiting blind via because the second laser power output is
15 insufficient to vaporize the metallic bottom layer, even if the second laser power
output continues after the dielectric material is completely penetrated.

Skilled persons will appreciate that in accordance with a punching process of
the present invention, the first and second laser outputs are preferably sequentially
contiguous rather than employing a series of first laser outputs one at a time to

20 spatially separated target positions 82 or workpiece 22 and then employing a series of
second laser outputs sequentially over the same targets 82. For a nonpunching
process, layers 24 of all of the spatially separated target positions 82 on workpiece 22
may be processed with the first laser outputs before the layers 26 of all of the
spatially separated target positions 82.

25 With reference again to Figs. 3 and 4, one difference between the clipped
Gaussian output of the prior art and imaged shaped output 118 of the present
invention is that pulse 94 uniformly illuminates the aperture of mask 98 at all points.

The imaged shaped output 118 consequently facilitates formation of blind vias 20b



10 uniformy shaped output; propagating a major portion of the first

uni formy shaped output through an aperture to convert the first UEM [R[mz
shaped output into a first apertured shaped output having a first

shaped energy that is greater than 50 % of the first Gaussian energy of the
first Gaussian | aser output; 15 propagating the first apertured shaped

out put through one or nore imagi ng | ens conponents to provide first imged

shaped out put; applying the first imged glgaped output to a target |ocation
on the worlcpiece to renove first layer nmaterial within the target

| ocation, the first imaged shaped output having a first energy density over
a first spot area, and the first energy density 20 being greater than the

first ablation fluence threshold but |ess than._.the cond abl ation f]uence
t hreshol d to WHR ﬁfl"&%ﬁ%f.anﬂ.umlfﬁgnr\’é’ftﬂ a‘é‘l‘yﬁ in 'aang&%atVﬁ@v TAuRd shape,

m ni num di am%ﬁr o acd P 'Sa:mat P3N BTV T f
greater than .gsrﬂg}?ggees, ta'ﬂa;mrlggn g%ass e\ﬁi&%ﬁ:gltﬁﬁ{{pﬂﬂ?ﬁﬁﬁ&%@?%?ﬂ%@ nmet hod
of claim 2 i nGadssiah bedra. \Ih addicion athe duilling s;eed tagbe atceeased aithGmaped shapdde

met hod of claim1 in which the via has a bottomdiapeter db, a top dianeter
d,, aad a taparpytgilover thgt ebiaisablevuith  clippedi{asussighdeamper ratio equal s

aper ratio of g cRRciaibarot Bnr Sy SimyceBhySorto Ml GE kMt e °

first apertur Rﬂoﬁb@ﬁ@ﬁia@ﬂﬁﬁﬂ)&nﬁxﬁn&k_@&i@rgﬁbﬂﬂ% Qfscliesedl prdtRsdihg Ghddoffgssi an
energy. 5 7. The nmethod of claim6 in which the first apertured shaped

energy is grebatween tiaqualgy gnddriliing speed inhezans to ta clipped(dausianTechnigiehol of
claimlin thlug f}at:]t(leogcl) (?1;[: beam %xelgrg§ Q%B%(g delivered 1o work] ?é'j‘cteeer without a large

difference in fluence between the center and edges of the imaged spot, i.e. the edge-

10 to-center fluence ratio Fe/Fc can be increased while transmission level T is also
increased. The present invention permits apertured shaped output 110 and imaged
shaped output 118 to have transmission levels of 70-85% without a significant
decrease in center to edge fluence ratio.

As a result of the near-uniform fluence at high transmission levels, the drilling

15 speed can be increased without damaging conductor layer 28, particularly at its
center, for two reasons. First, the transmission level through the aperture is higher
than for the clipped Gaussian, so more energy is delivered to the workpiece 22 in
each laser pulse 114. Second, since a higher fluence can be applied to the edges of
the spot, the dielectric material can be cleared from the bottom edges of the via more

20 rapidly. This second effect is the more significant of the two.

Fig. 9 shows a comparison of ideal fluence profiles at the aperture plane for
shaped output 94b and clipped Gaussian output at several typical transmission levels
under typical via processing parameters. Fluence levels on the workpiece 22 are
equal to the aperture fluence levels multiplied by the imaging de-magnification factor

25 squared, which in a preferred embodiment is about a factor of seven. The fluences at
the aperture edge are about 1.05 J/cm? and 0.60 J/cm® or less for shaped output 94b
and clipped Gaussian output, respectively. Thus, at workpiece 22, the fluences at the

edge of the imaged spot are about 7.4 and 4.3 J/cm? for the imaged shaped output 118



than 45% of the first Gaussian energy. 9. The nmethod of claim8 in which
the first imaged shaped energy is greater 10 than 55 % of the fir%t AUG 2002
Gaussi an energy. 10. The nethod of claim1 in which the first energy
density is less than or a equal to about 2 J/cnR. 11. The nethod of claim1l
in which the wavel ength is about 355 nm or about 266 nm 15 12. The net hod
of claiml1 in which the first layer material conprises a dielectric

material and the second | ayer material conpdi ses a netal. 13. The net hod of
claim12 in which the dielectric material conprises an organic dielectric ﬁ}
material and the metal conprises copper. 14. The nethod of claim13 in
whi ch the organic dielectric material conprises 20 an inorganic

i nf t terigl., 15. Th t hod. im1 furt i Sing:
enoving the. 79 Cupnedsaaussiin GRoHT. Thypegi T0e T at FiehAvRSA bRk 1
further conprjjRiddric MmakPi aﬂa&ﬂezé tdrSBe daxed difRlre SigalficadtyBitwet ik Evo 25

17. The nmethod of claim1l in ich the first layer material is positioned

bet ween two | flyence levels eAsadesull; alrilling ef ¢agh vif 20 carebe compleiediindewgrrpudsest o
generating firs ussi gn, | aser OUteﬁ t. ﬂ%gera i n SEC@Fd ussi an | aser
out put havi ng“athdhe JRaeeastarad-onm gy"’é g e, prosass BrQuetPMyssi an

I rradi ange profil e at it ; 1
pr opagat ?ng t he seé%ncd%ﬁs%%@?g@g&gwlp ﬁg ggé’ﬂ ﬁlémgg(ti %%@Q@Sgbﬁ?? Fﬁough

t he diffracti icaceptdaned witheheseicohsideratiomsrdf présens mvemibnGa desdribedbekey. The put
into a second nore uniformy shaped out put; priggaagati ng a mj or Bortion of
t he second unflitenqelagrasp shecentise ipaged: SpPlocARHPeSMAREAIRGG, for exampie, @b ) & of thpe

00N U1 " i SR b gl A P g, P SRR PR Ul
Gaussi an ener gychiditidhe wiBAPRHI FSUEIARP viaSstionP AP Uln cortrRa At he clipfed econd
apertured shaped output through one Or nore imging
10 Gaussian beam at T = 50%, one could maintain the center of the spot at this fluence,
in which case the edges would be at only 45% of Fy,,... Alternatively, the spot edge
could be held at 90% of F,py,, in Which case the center would be at 180% of the
damage threshold fluence, resulting in substantial damage. Maintaining the edges of
the imaged spot at high fluence enables the dielectric material to be cleared from the
15 via edges with fewer laser pulses, since each pulse removes more material. Thus, the
drilling throughput of imaged shaped output 118 can be much greater than that of the
clipped Gaussian output.
Fig. 10 shows a comparison of the throughput curves achieved by the imaged
shaped output 118 and the clipped Gaussian output for punching 75 um-diameter vias
20 20 in 45 um-deep epoxy resin. With reference to Fig. 10, the minimum number of
pulses, N, necessary to achieve a bottom diameter d, at least 75% as large as the top
diameter d, at each pulse repetition frequency (PRF) was determined. The drilling
time was calculated for this value of N at the PRF, and a 1.0 ms via-to-via move time
was added to obtain the throughput.
25 In general, as the laser PRF increases, the energy in each pulse, and therefore
the work-surface fluence, steadily decreases. Since decreased fluence means less
material is removed per pulse, more pulses must be applied. However, as the PRF

increases, more pulses are delivered per unit time. The net result is that of two



| ens conponents to provide second i naged shaped out put; 10 applying the
second i maged shaped output to the target | ocation on the worlcpiece to
renove second |layer material within the target |ocation, the s c?nm[g 2002

I maged shaped out put having a second energy density over the sgbt area, and
t he second energy density being greater than the second abl ation fluence
threshold to renove second |layer material. 15 18. The nethod of claim 17 in
whi ch the second energy density is greater than or equal to about 10 J/cnR.
19. The method of claim 17 further conprising: generating the second
Gaussi an | aser output at a second pul se repetition frequency; and 20
generating the first Gaussian |laser output at a first pulse repetition

frequency that is hi.gher than t secon ulse repet.ition fregyency. 20.
The et hod of  HORRSHAE SHeote e QLONIER s o Qecrea RRne Beeb ROt Be ARREroT o
| maged shaped ; ' s ' : C3tib 01 §HOWY tBatl thé St
via; and 25 di ?d(tali(;‘:ltgti.ll %%dfﬁtgﬂgg%ﬂgﬁg} Igﬁ%%ﬁ?itv{tlﬁgggﬁgglg%gdq‘g 't{)bu% S Har'thé
sequenti al | y t competngaffettayiphd tHedfastest eirohghputsaat RR¥min the aniddid of THeerangd hod

of claim 17 further conprising: directing the second i maged shaped out puts
to a first targ‘éﬁ“‘q-ocation to renove second | ayer material; 3 31 AU

o _ .
002 a2, 8 eEh O PRGSO TAE bS PR 8 B RS
shaped out put teutputflil8d¢ flamerghin thac abtained twathralipped Gaussidn dutpetr Tiwt Ratiedl
and 5 directing the first inmaged shaped output to a second target |ocation
to renove firstthroRgBput eares is significant for managing the tradeoff between drilling speed and
via quality. In order to avoid damage to the bottom metallic layer 28, it is generally
desirable to increase the laser PRF, thereby decreasing the energy in each pulse and

10 reducing the work-surface fluence below the energy threshold for melting metallic
layer 28. As the PRF is increased, the throughput obtained with the imaged shaped
output 118 decreases more slowly than that of the clipped Gaussian output. So as the
PRF is increased in order maintain via bottom quality, less of a throughput penalty is
incurred with the imaged shaped output 118.

15 With reference again to Fig. 10, the imaged shaped output 118 enabies the
peak drilling throughput to be increased over that of the clipped Gaussian by more
than 25%. The imaged shaped output 118 also achieves higher throughput than is
achieved with a raw focused Gaussian beam, with the added benefits of better via
quality (repeatability, sidewall taper, roundness).

20 With respect to via quality, particularly for blind vias 20b, the imaged shaped
output of the present invention also permits better taper minimizing performance at
higher throughput rates than that available with clipped Gaussian output. In addition
to being able to clean dielectric material from the bottom edges of blind via 20b faster
as discussed above, the imaged shaped output can also clean the dielectric material

25 from the bottom edges of via 20b more completely without risking damage to the
underlying metallic layer 28 because the uniform shape of pulse 94 virtually

eliminates the possibility of creating a hot spot in layer 28 at the bottom center of via



22. The nethod of claim 17 further conprising: ., renoving the second | ayer
mat erj al by non-punching; and renoving the first |layer material by
punching. 10 23. The nethod of claim 17 further conprising: rengw\ r‘@m @02
second and first layer materials by non-punching. 24. The nmethod of claim
17 in which the first and second Gaussian energies are different. 25. The
nmet hod of claim 17 in which the second apertured shaped energy is 15
greater than 65 % of the first CGaussian epergy. 26. The method of claim 25
in which the second apertured shaped energy is greater than 75 % of the 3
first Gaussian energy. 27. The nethod of claim 117 in which the second

I mged shaped energy is greater than 45 % of the first Gaussian energy. 20

28. The net cl ai in ich the first |layer.material | sitioned
ot ween {wo 308y ohe eE Soaned HHGE Pl LiA 8550 wFoimi BtnsP e Ay*ihor to
generating fBlihatviﬁﬁHE%dEﬁdi@@%mfP‘dtd&'ﬁ-éd SRAAIRES Al AF&GASdchiRSi an | aser
out put having a second Gaussi'an energy and a substantially Gaussi an
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G 2002 33 energy density being greater than the second ablation fluence
t hreshol d t #0% by maxipgmhronghput Withope damage e layai?§i Apd tapenTates ofecond

method of ol ERAFLEER SR P RFAPekitalb VlisiD) aFFRESOROPRA AL 1o Pyl L oor
out put at a ZgeCRE&fbrRKASTS % RE irddddrhré eG&HESIble fR thOQNAICSE Viag fréid abbiist

Gaussi an laser output at a first pulse repetition frequency that is higher
t han t e secehdiupudiameter pethetvintopfwithycenventiora) optics althoughethmoughpiut glightm 28

further conprising:
e dimisished.

Fig. 11 shows the ratio of via bottom diameter to the via top diameter (62 um

X

vias drilled in 35 um particulate-reinforced epoxy resin) as a function work surface
location relative to the nominal image plane, z = 0. With reference to Fig. 11, the

15 nominal image plane is the location where the vias 20 are most circular, with the most
sharply defined top edges. Positive values of z represent planes below the nominal
image plane, i.e., with the workpiece 22 placed farther from the system optics than
distance of separation where z = 0. The 30 error bar is shown for reference because
bottom diameter measurements may be difficult to measure reliably.

20 One hundred vias were drilled and measured at each of nine values of z. The
data points represent mean values and the vertical error bars represent the magnitude
of three standard deviations from the mean over each 100-sample data set. The
largest bottom/top ratio is achieved at the image plane where z = 0. Throughout a +
400 um range, the bottom/top ratio was always greater than 75% at high throughput.

25 Fig. 12 shows via diameter (in 62-um vias drilled in 35 pm-particulate
reinforced epoxy resin) as a function of work surface location relative to the nominal
image plane, where z= (. As the workpiece 22 is moved further above the nominal

image plane, the average via top diameter increases steadily. For locations below z



removi ng the second | ayer material by non-punching; and renoving,theg, i @@
| ayer .material by punching. 31. A |laser systen) conprising: a di%db%ng :
solid-state | aser for generating ultraviolet Gaussian | aser 15 output

havi ng a Gaussi an energy along an optical path; a diffractive optical

el ement positioned along the optical path for converting the Gaussian | aser
out put to shaped output having a central irradiance profile of high and
uniformintensity and an outer irradi ance BBofile of lowintensity; an
aperture positioned along the optical path for clipping a major portion of
20 the outer irradiance profile of the shaped output and passing at | east
50 % of the Gaussi an energy through the aperture to produce apertured
shaped out put Q%{'Mto?ﬂﬁﬁﬁx&éﬁf&nﬁiﬁ’soﬁﬁ-l)eeﬁfs%i 016 400 IR bAoMEifepd Siate.
conponents for converting the aperturéed shaped output into inmage Shaped

out put; and 25The Jmodiatnetens arg gepetatipnhelr todvitler i Bgum lo€ theravgege shbhpewithut put
toward a target | ocation on rlcpjece forma via. 32,. The |aser
system of cl aiHFEPHONS gt £ et 3%%}1% §1pdr?g= -a’bﬁm g]‘Pr e hongmy LametsEs B r r or s

posi tioned al %Qtrmethgrﬁtv.gﬁgle vRiak I%ecrte:i's%s q{efaéﬂyaﬁ&hggcﬁm %ﬁ’éve Q0&ERbne B e
aperture being positione ptically between 't he _ . beamdirecting
mrrors, $or dhyeominapimige flmes sBevausesthe diametdpahd alivoRrignofdhe adnbdtiorne are 31

AU G 2002 34 optical path that avoids the diffractive optical elenent and
the aperture angly reore diffisult posentral thanghe size and pundaess af ke i 4ep;i the

¢
out put toward ;t | ece e T e . ' i | ch the
ai'tFractive ogtipm SRl iumodtsof FStete3boip Sicd) sfodifColted Reckhiainy,
aperture is a thitlcdhldoespplie td\Rier sy sndsi J0%nd 356 Gre, aBereforé, pplicitié to the
diffractive optical elenent and thé first aperture cooperate to produce a

subst anti al | y chatatigristi¢s ofghe ¥iagopy density over a first spot area on the
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ment
focus issues for process robustness. If one wishes to maintain a constant via top

diameter over varying material thicknesses and machine conditions, it would be
advantageous to set up the process with the work surface located slightly below the
nominal image plane at, say z = +200 pum. This would produce a zone of + 200
15 pm of z variation that could be accommodated with very little effect on the top
diameter. If, on the other hand, it is more desirable to maintain a constant via
bottom/top diameter ratio, it would be better to set up the process with workpiece 22
located exactly at the nominal image plane. This would ensure that the bottom/top
ratio would decrease by no more than 5% over a z range of at least + 200 um. The
20 viability of either of these approaches depends on whether the other via characteristics
remain within acceptable limits as workpiece 22 moves away from the nominal image
plane.
Another issue is via circularity, which is shown in Fig. 13 as a function of z
for 62-pm vias drilled in 35-um particulate-reinforced epoxy resin. With reference to
25 Fig. 13, the bottom circularity data have been displaced to the right of the actual z
values for clarity of presentation. The via bottom data are for reference only.
Fig. 13 shows that the circularity, defined as the minor axis/major axis, is

always at least 90% over the full + 400 pm z range of the study. For a 62-um



and the first aperture are renovabl e and repl aceable by a second AUG 2002
diffractive optical elenent and a second aperture which cooperateata

determ ne a second substantially 10 uniform energy density over a second
spot area on the workpi ece. 35. The |aser system of claim 33, further
conprising: a first renovable imaging optics rail that houses the first
diffractive optical elenent and the first aperture, the first imging
optics rail being replaceable with a secome4 i magi ng optics rail having a
second diffractive optical element and a second 15 aperture which cooperaté
to determ ne a second energy density over a second spot area at the target"

| ocati on on the workpiece. 36. The | aser system of claim 31) further

oot cal of enehleTaRR e T8 e QB Corf@bonds\B'a HAE BRI el BESK Q'S
rail permts Lh€lafgey Bfinahe higddidfetet!t Plovelver,ifoppoitve 1 @aluey (idtatiess Bélowhe

target location. 37. The |aser systemof claim3l in which the apertured
shaped ener gytheqogrinaliimage plape)s theostasisticalevisioryia vailatine ig pircdgity hegomgser

temof claim 37 ..n ich the t d sh d ' th 75
S ot e coucheRale, 5 St e S50 HIBRERARE Gernls SUSRY S, Lo
via has § m nindhiihelles Ro08 1d@%~oircalam9<.imw,@&mﬁ51ed%:f§3c%gdnapig.qlsndness

of greater than 0.9, where the roundness equals dm ~1 The |'aser
syst em of cl ashovgithatrtheBoohtlidnemay havecirculamityt belowi88fet er db) a top

cqual s 30 - dbj dt 1 gensral, Geageshenes,qupt 1% otescly Eveniel peciliayiasad
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about 266 nm achievable with clipped Gaussian output. In many cases, imaged shaped output 118
10 can achieve a roundness of greater than even 95% over the entire range of via sizes at
higher throughput rates.

Although some of the examples described herein address some of the
maximum output and other factors involving the use of currently available UV DPSS
lasers 52, skilled persons will appreciate that as more powerful UV DPSS lasers 52

15 become available, the via diameters and layer thicknesses in these examples can be
increased.

Despite the advantages of imaged shaped output 118, projection imaging may
spread the available energy in each imaged shaped laser pulse 118 over a larger area
than that typically covered by the ablative portion of a focused raw Gaussian beam.

20 As a result, UV DPSS lasers 52 have energy per pulse limits to the size and thickness
of metallic layers 24 and 28 where the laser spot will exceed the ablation threshold
fluence for the workpiece materials.

With respect to blind vias, for example, imaged shaped pulses 118 with
fluences of 10-12 J/cm® may be employed to ablate a top copper layer 24 of 5-12 um

25 thick for small vias up to perhaps 40 um in diameter. Skilled persons will appreciate
that this fluence range implies a fairly slow repetition rate of about 3-6 kHz, for
example. Skilled persons will also appreciate that higher fluences may invite adverse

consequences such as heating, and the resulting slower repetition rate would



5 43. The laser systemof claim31 in which the via conprises first and
second layer materials, and the first |ayer material conprises a di33|1e<AtU|Gi 2002
material and the second | ayer material conprises a netal. 44. The |aser
systemof claim43 in which the dielectric material conprises an organic
dielectric material and the netal conprises copper. 10 45. The | aser system
of claim31 further conprising a variabl e Jgeam expander positioned al ong

the optical path between the aperture and tThe workpi ece. 46. The | aser
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the via diameters are too large for efficient imaged shaped output 118 or where speed

is more important than roundness or edge quality.

With respect to processing the organic or inorganic dielectric materials of

layer 26, they typically have a much lower ablation threshold and are easily ablated

10 with a projection imaging configuration up to the largest desirable via diameters.
However, for larger via sizes of about 150 um to about 200 um and larger, depending
on the properties of the particular material, the energy distribution of imaged shaped
output 118 over the via diameter diminishes to a point where the throughput is
adversely affected because each laser system pulse 114 removes less material.

15 In applications where via diameters exceed about 250-300 um in size and edge
quality and perfect roundness are not as important as throughput, imaged shaped
output 118 or focused Gaussian output of laser system 150 is preferably employed to
create via 20 by nonpunch processing employing fast positioner 78. Skilled persons
will appreciate that nonpunch processing can produce acceptable taper and roundness

20 for large vias 20 to suit most applications. This preference applies to both through-
hole and blind via processing. Skilled persons will also appreciate that the imaged
shaped output 118 may be more efficient than the focused Gaussian output for large
size vias in many applications.

Fig. 14 shows a scanning electron micrograph (SEM) of a typical via drilled

25 in epoxy resin with the imaged shaped output 118 of a UV YAG laser system 50.

The via diameter was 75 um, the resin thickness was 45 um, and the substrate was
prepared by etching away the top copper layer of a resin coated foil on an FR4 core.

The bottom (or inner) layer copper was 18 pm (%2 oz ).
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resin residue.

For this particular test, the beam shaping optics were configured to produce an
inverted fluence profile (Fig. 6C) at the work surface that was slightly higher at the
spot periphery than in the center. The laser parameters (PRF and number of pulses
applied) were then adjusted to produce a work-surface fluence at the periphery that

10 was just above the value that induces melting of the copper. Close inspection of the
image reveals that the smooth areas near the edges of the via bottom are regions
where the copper was lightly reflowed. Such light reflowing of the copper may be
desired in order to ensure that all resin has been removed from the via. This degree
of control of the inner layer copper damage is typical of vias 20 produced by imaged

15 shaped output 118.

For HDI circuit board microvias, the most common laser drilling technique in
resin coated foil constructions makes use of a circular opening pre-etched in the top
copper layer. This opening is used as a conformal mask for CO, laser processing.
Layer-to-layer registration difficulty has limited this process to drilling of larger vias

20 (> 100 um) with larger pad sizes (> 200 pum). However, positioning system 74
permits the accurate layer-to-layer alignment of a laser drilling system to be coupled
with the higher throughput of drilling only the dielectric resin. In this new process,
the outer layer copper is pre-etched to the approximate size of the inner layer land
pad, and the laser is ihen used to align and drill a smaller via within this opening. A

25 scanning electron micrograph of an exemplary via 20 that could be created by this
process is presented in Fig. 15, which shows an imaged shaped 75-um via through

45-pm epoxy resin in a 150-um pre-etched copper opening.
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permit enhanced repeatability and positioning accuracy such as in the exact center of
pads and may be useful for improving impedance control and predictability of the

5 electronic workpieces.

Further comparative data between shaped imaging and clipped Gaussian
techniques, including color electron micrographs, can be found in the article entitled
"High Quality Microvia Formation with Imaged UV YAG Lasers,” which was
presented as a portion of the Technical Proceedings of the IPC Printed Circuits Expo

10 2000 in San Diego, California on April 6, 2000.

It will be obvious to those having skill in the art that many changes may be
made to the details of the above-described embodiments of this invention without
departing from the underlying principles thereof. The scope of the present invention
should, therefore, be determined only by the following claims.

15
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generating first Gaussian laser output having a first Gaussian energy and a

substantially Gaussian irradiance profile at wavelength shorter than 400 nm;

propagating the first Gaussian laser output along an optical path through a

diffractive optical element to convert the first Gaussian laser output into a first more

10 uniformly shaped output;

propagating a major portion of the first uniformly shaped output through an

aperture to convert the first uniformly shaped output into a first apertured shaped

output having a first apertured shaped energy that is greater than 50% of the first

Gaussian energy of the first Gaussian laser output;

15

propagating the first apertured shaped output through one or more imaging

lens components to provide first imaged shaped output;

to

applying the first imaged shaped output to a target location on the workpiece

remove first layer material within the target location, the first imaged shaped

output having a first energy density over a first spot area, and the first energy density

20 being greater than the first ablation fluence threshold but less than the second ablation

fluence threshold to form a via.

2. The method of claim 1 in which the via has a minimum diameter d_;,, a

maximum diameter d,,,, and a roundness of greater than 0.9, where the roundness

equals d;./d. ...

25
0.

di

3. The method of claim 2 in which the via has a roundness of greater than
95.
4. The method of claim 1 in which the via has a bottom diameter d,, a top

ameter d,, and a taper ratio of greater than 0.5, where the taper ratio equals d,/d,.
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10. The method of claim 1 in which the first energy density is less than or
equal to about 2 J/cm?.

11. The method of claim 1 in which the wavelength is about 355 nm or about
266 nm.

15 12. The method of claim 1 in which the first layer material comprises a
dielectric material and the second layer material comprises a metal.

13. The method of claim 12 in which the dielectric material comprises an
organic dielectric material and the metal comprises copper.
14. The method of claim 13 in which the organic dielectric material comprises

20 an inorganic reinforcement material.

15. The method of claim 1 further comprising:
removing the first layer material by punching.
16. The method of claim 1 further comprising:
removing the first layer material by non-punching.

25 17. The method of claim 1 in which the first layer material is positioned
between two layers of second layer material, further comprising, prior to generating
ﬁrst Gaussian laser output:

generating second Gaussian laser output having a second Gaussian energy and

a substantially Gaussian irradiance profile at wavelength shorter than 400 nm;
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lens components to provide second imaged shaped output;

10 applying the second imaged shaped output to the target location on the
workpiece to remove second layer material within the target location, the second
imaged shaped output having a second energy density over the spot area, and the
second energy density being greater than the second ablation fluence threshold to
remove second layer material.

15 18. The method of claim 17 in which the second energy density is greater
than or equal to about 10 J/cm?.

19. The; method of claim 17 further comprising:
generating the second Gaussian laser output at a second pulse repetition
frequency; and

20 generating the first Gaussian laser outpui at a first pulse repetition frequency
that is higher than the second pulse repetitioh frequency.

20. Thé method of claim 17 further comprising:
directing the second and first imaged shaped outputs sequentially to a first
target location form a first via; and

25 directing the second and first imaged sha{ped outputs sequentially to a second
target location form a second via.

21. The method of claim 17 further comprising;
directing the second imaged shaped outputs to a first target location to remove
second layer material;

30
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removing the second and first layer materials by non-punching.
24. The method of claim 17 in which the first and second Gaussian energies
are different.
25. The method of claim 17 in which the second apertured shaped energy is

15 greater than 65% of the first Gaussian energy.

26. The method of claim 25 in which the second apertured shaped energy is
greater than 75 % of the first Gaussian energy.

27. The method of claim 17 in which the second imaged shaped energy is
greater than 45% of the first Gaussian energy.

20 28. The method of claim 1 in which the first layer material is positioned
between two layers of second layer material, further comprising, prior to generating
first Gaussian laser output:

generating second Gauss.i.an laser output having a second Gaussian energy and
a substantially Gaussian irradiance profile at wavelength shorter than 400 nm;

25 propagating the second Gaussian laser output along a second optical path that

avoids the diffractive optical element and the aperture;
applying the second Gaussian laser output to the target location on the
workpiece to remove second layer material within the target location, the second

Gaussian output having a second energy density over the spot area, and the second
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that is hlgher than the second pulse repetition frequency.
10 ' 30. The method of claim 28 further comprising:

removing the second layer material by non-punching; and

removing the first layer material by punching.

31. A laser system, comprising:

a diode-pumped, solid-state laser for generating ultraviolet Gaussian laser

15 output having a Gaussian energy along an optical path;

a diffractive optical element positioned along the optical path for converting
the Gaussian laser output to shaped output having a central irradiance profile of high
and uniform intensity and an outer irradiancc.e profile of low intensity;

an aperture positioned along the optical path for clipping a major portion of

20 the outer irradiance profile of the shaped output and passing at least 50% of the
Gaussian energsl through the aperture to produce apertured shaped output having
apertured shaped energy;

one or more imaging lens component‘s for converting the apertured shaped
output into image shaped output; and '

25 a positioning system for directing the imaged shaped output toward a target
location on a wbrkpiece to foﬁn a via.

32. The laser system of claim 31, further comprising:

a pair of beam directing mirrors posi.tioned along the optical path, the
diffractive optical element and the aperture being positioned optically between the

30  -.beam directing mirrors, for diverting the Gaussian laser output along an alternative
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33. The laser system of claim 31 in which the diffractive optical element is a
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first diffractive optical element, the aperture is a first aperture having a first size, and
5 the first diffractive optical element and the first aperture cooperate to produce a
substantially uniform first energy density over a first spot area on the workpiece.

34. The laser system of claim 33 in which the first diffractive optical element -
and the first aperture are removable and replaceable by a second diffractive optical
element and a second aperture which cooperate to determine a second substantially

10 uniform energy density over a second spot area on the workpiece.

35. The laser system of claim 33, further comprising:

e

a first removable imaging optics rail that houses the first diffractive optical
element and the first aperture, the first imaging optics rail being replaceable with a
second imaging optics rail having a second diffractive optical element and a second

15 aperture which cooperate to determine a second energy density over a second spot
area at the target location on the workpiece.

36.‘ The laser system of claim 31, further comprising:
a removable imaging optics rail that ilouses the diffractive optical element and
the aperture, such that removal of the imaging optics rail permits the Gaussian laser

20 output to impinge the workpiece at the target location.

37. The laser system of claim 31 in which the apertured shaped energy is
greater thzin 65% of the Gaussian energy.

38. The laser system of claim 37 in 'which the apertured shaped energy is
greater than 75% of the Gaussian energy.

25 39. The laser system of claim 31 in which the via has a minimum diameter
d,ine @ maximum diameter d“;ax, and a roundness of greater than 0.9, where the
roundness'equals drin/ D ax

40. The laser system of claim 31 in which the via has a bottom diameter d,, a
top diameter d,, and a taper ratio of greater than 0.5, where the taper ratio equals

30 -.dy/d.
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41. The laser system of claim 31 in which the first energy density is less than
or equal to about 2 J/cm>.

42. The laser system of claim 31 in which the wavelength is about 355 nm or
about 266 nm.

5 43. The laser system of claim 31 in which the via comprises first and second
layer materials, and the first layer material comprises a dielectric material and the
second layer material comprises a metal.

44. The laser system of claim 43 in which the dielectric material comprises an
organic dielectric material and the metal comprises copper.
10 45. The laser system of claim 31 further comprising a variable beam
expander positioned along the optical path between the aperture and the workpiece.
46. The laser system of claim 31 further comprising rapidly variable control
electronics for rapidly changing control of a Q-switch for effecting a rapid repetition
rate change in the Gaussian laser output to convert it to a second Gaussian laser

15 output having a second pulse energy.



